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Abstract
This thesis presents a study of the effect of chemical modifiers and dopants on both the
anatase to rutile transformation and also the photocatalytic efficiency of semiconductor
nanomaterials. The main focus of the work is based on the crystallisation and phase
transformation of the widely investigated semiconductor metal oxide, titanium dioxide
(TiO2)
Of the three polymorphs associated with titanium dioxide, anatase is widely regarded
as the most effective photocatalyst. Typically anatase will transform to rutile in the
temperature range 600 – 700 °C however, modification of a titanium precursor with a
chelating agent can result in extended transformation temperature. The effect of
employing various concentrations of formic acid and water on phase transition is
systematically studied by XRD, FTIR and Raman spectroscopy (Chapter 3). Retention
of anatase (41%) at increased temperatures (800 °C) and 10% at 900 °C is achieved at
optimum conditions. On comparison, a control sample prepared without modification
with formic acid show rutile formation at 600 °C. FTIR and Raman studies indicate that
a bridging titanium-formate structure is formed upon addition of titanium isopropoxide
to formic acid. It is proposed that under different reaction conditions, a syn-syn or synanti bridging structure is favoured. It is concluded that the syn-anti bridging structure
hinders cross linking of the metal oxide oligomer network, resulting in a weakened
structure, facilitating low temperature rutile formation when compared with the syn-syn
binding mode which forms a more ordered network, stabilising anatase at increased
temperatures.
Using the optimum formic acid, titanium isopropoxide molar ratios (TTIP:FA:H2O, 1:4:4)
obtained in chapter 3, silver (1, 3 and 5 mol %) was added to the system and the
effects are reported (chapter 4). Through XRD it is shown that silver lowers the anatase
to rutile transformation temperature. Samples calcined at 700 °C show that 5 mol %
Ag-TiO2 contains both anatase (46%) and rutile (54%), whereas the undoped TiO2
iii

consists primarily of anatase (95%). At 800 °C all silver containing samples transform
to rutile but the undoped sample consists of both anatase (55%) and rutile (45%). XPS,
FTIR and Raman spectroscopy show that incorporation of silver causes a reduction in
the intensity of the COO- stretches associated with the titanium formate bridging
structure indicating that the metal oxide complex is weakened in the presence of silver.
XPS analysis show that Ag0 and Ag2O had formed on the titania-formate surface prior
to calcination (> 100 °C) indicating that photo-oxidation of silver has occurred. It is
concluded that the presence of silver (Ag0 and Ag2O) hindered bridging ligands,
resulting in a weakened gel network. This structurally weak network could easily
collapse upon calcination to form rutile.
Titanium dioxide doped with aluminium also shows extended transformation
temperatures. In chapter five, aluminium, silver, nitrogen, and sulfur are used to dope
titanium dioxide powders. Addition of 1 mol % aluminium resulted in the retention of
anatase (87%) at 900 °C and even at 1000 °C, anatase (20%) is still present as seen
from XRD. Nitrogen doped titanium dioxide is synthesised using 1, 3-diaminopropane
as a nitrogen source. Visible light absorption of nitrogen doped titanium dioxide is seen
through diffuse reflectance spectroscopy and it is shown that increased amounts of
nitrogen do not result in greater visible light absorbance. Addition of silver to N-TiO2
result in increased photocatalytic activity for methylene blue degradation, 9.9 x 10-2
min-1 compared to N-TiO2 without silver (9.6 x 10-2 min-1) which is accredited to a
reduction in recombination. Dimethysulfoxide and sodium thiosulfate are investigated
as sources for sulfur doping of TiO2. Sodium thiosulfate produces S-TiO2 that is highly
photoactive (43.1 x 10-2 min-1) compared to S-TiO2 synthesised from dimethylsulfoxide
(8.4 x 10-2 min-1). A combination of sodium thiosulfate and 1, 3 diaminopropane for N, S
co-doped TiO2 resulted in the formation of sodium titanates. Through FTIR and Raman
spectroscopy it is shown that both nitrogen atoms from 1, 3-diaminopropane chelate to
a single titanium metal centre. 1, 3-diaminopropane is also found to cause retention of
sodium during the sol-gel synthesis leading to the formation sodium titanate.
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TiO2/ZnO hybrid materials show enhanced photocatalytic efficiency through the
formation of heterojunctions where excited electrons migrate from TiO2 to ZnO,
delaying recombination. Chapter six describes a sol-gel synthesis of ZnO/TiO2 hybrid.
A number of molar ratios of zinc precursor to titanium precursor are investigated.
Anatase, rutile and zinc oxide are formed from the sol-gel synthesis but it is found that
zinc titanate phases dominated the material structures. Through XRD it is shown that
when the titanium precursor is in excess over the zinc precursor, high percentages of
anatase (at initial calcination temperatures 400 – 700 °C) and rutile are formed. Zinc
metatitanate forms at ~ 600 °C. The samples with excess titanium precursor show high
percentages of zinc metatitanate at temperatures 700 – 900 °C and at 1000 °C there is
an almost 1:1 conversion of zinc metatitanate to zinc orthotitanate. For samples where
zinc precursor is in excess, zinc oxide is the dominant phase at low calcination
temperatures (400 – 600 °C) but at increased temperatures (> 700 °C), Zn2Ti3O8 is
formed. The Zn2Ti3O8 undergoes ~1:1 phase transformation to form zinc orthotitanate
at 1000 °C. Raman and FTIR show the formation of titanium oxalate and zinc oxalate
coordinated structures. These are believed to form infinite chains that may combine
during crystallisation to form zinc titanate structures.
In summary, the results shown in the current study have shown how strongly the
synthesis conditions can affect the crystalline behaviour of metal oxide materials. A
greater understanding of the synthesis of these materials can contribute to the wide
area of semiconductor research.
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1 Introduction
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1.1

Overview

In 1972 Fujishima and Honda published an article in Nature1 that propelled titanium
dioxide (TiO2) into the world of research. They demonstrated the powerful
semiconductor capabilities of TiO2 in the splitting of water in a photoelectrochemical
cell. Their work ignited a revolution in the world of semiconductor research with Frank
and Bard going on to demonstrate titanium dioxide’s unique properties for
environmental remediation through the reduction of CN- in water2,3 in 1977, and Ollis
using TiO2 for the mineralisation of organic pollutants in 1983.4,5 In the 1990’s, after
Graetzel’s paper on the dye sensitised solar cell,6 TiO2 became one of the most
internationally researched semiconductor materials. The increase in TiO2 publications
per year demonstrates the growth in the area. In 1995 there were 700 TiO2
publications, seven years later that number increased to over 2000 publications.7 So
why does TiO2 attract such interest? There are many reasons why and they will be
addressed throughout the introduction of this thesis but for the purpose of this body of
work the important question is why has it attracted my interest?
The main focus of my research centres on two topics; one being the photocatalytic
abilities of TiO2, that is when light of energy greater than the band gap excites an
electron from the valence band to the conduction band, hydroxyl radicals are formed
that will oxidise organic materials to CO2 and H2O. Simple as this process appears,
there are many factors which influence the efficiency of the photocatalytic materials.
Many of which are investigated throughout this thesis.
My second area of interest regarding TiO2 involves investigating the formation and
transformation of the crystalline phases associated with titanium dioxide. The three
main polymorphs of TiO2 are anatase, rutile and brookite. Anatase and brookite are
both metastable and rutile, found in nature, is the thermodynamically stable phase. All
three phases can be readily synthesised in the laboratory. Typically, anatase will form
at temperatures between 300 – 600 °C and at higher temperatures anatase to rutile
transformation will occur. However, the synthesis conditions can have a strong
2

influence over the anatase to rutile transformation temperature, and in this study, a
thorough investigation of the role that chemical modifiers have on the crystallisation
properties of TiO2 has been carried out.
One of the attractions of TiO2 synthesis is its ease of preparation. Titanium alkoxides
are readily available and inexpensive. Alkoxides stabilise titanium in its highest
oxidation state but because of the low electronegativity of the metal they are very
reactive towards nucleophilic attack. Addition of water to titanium alkoxide causes
spontaneous proton transfer from the water to the metal as well as coordination
expansion. Because of the reactivity of titanium alkoxides towards nucleophilic attack,
this reaction is quite uncontrollable and precipitation of an amorphous powder will
occur. This powder can be calcined to form anatase but will transform to rutile at a low
temperature (~600 °C). However, the reaction can be controlled with the addition of a
chelating agent which produces anatase that is stable at higher temperatures.
Sanchez, Livage, Henry and Doeuff pioneered the chemical modification of alkoxide
precursors during the late 1980’s where they showed how chemical additives such as
acetic acid or acetyl acetone react with alkoxide precursors and how the resulting
reaction pathways become more controlled, resulting in increased stability of anatase.811

Several researchers have since discussed the anatase to rutile transformation and

how it may be affected by the addition of various metals or additives.12-20 However,
generally these authors discuss what happens during the crystallisation or
transformation process.
The body of work presented here proposes that the anatase to rutile phase
transformation is not only influenced by additives during the calcination process but
that the transformation temperature may be influenced as early as the initial alkoxide
reaction.
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1.2
1.2.1

Applications of TiO2
Photocatalytic splitting of water

Since Fujishima and Honda carried out the photocatalytic splitting of water using TiO2
in 1972,1 great effort has gone into maximising the potential of the process as it can
provide clean renewable energy from sustainable sources.8

Figure 1.1. TiO2 photocatalytic splitting of water8,9

Figure 1.1 shows a schematic presentation of the principle of water splitting using a
TiO2 photocatalyst. Light of energy grater than the band gap excites an electron from
the valence band to the conduction band. The photogenerated electron/hole pair
causes redox reactions. Water molecules are reduced by excited electrons to form H2
and oxidised by holes to form O2 leading to water splitting.21,23-25
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1.2.2

Self-cleaning surfaces

Pilkington Glass have utilised titanium dioxide technology to develop a range of self
cleaning windows known as Pilkington Activ.10 Self-cleaning glass clearly displays the
benefits of titanium dioxide’s self-cleaning and super hydrophilic properties (figure 1.2).

Figure 1.2. Self cleaning windows from Pilkington Activ10

Titanium dioxide can be incorporated into concrete to produce photocatalyst-modified
cement7 It can be used to coat hospital surfaces and provide anti-bacterial protection
against harmful bacteria such as E. coli and MRSA.11 By applying TiO2 to road side
partitions and lights, the surfaces can be kept clean while having the added advantage
of reducing harmful exhaust gases such as NOx and VOCs.
Despite the great promise shown by the self-cleaning abilities of TiO2 surfaces, there
are certain limitations. Because TiO2 is a wide band gap (3.2 eV) semiconductor
material, the self-cleaning process can only be initiated by light of wavelength ~390 nm
or less. This cause’s substantial reduction in the efficiency of the product as light of
such energy, ultraviolet light (UV), only makes up 3 – 5 % of the solar spectrum.
Therefore, in order to improve the efficiency of these materials it is necessary to either
reduce the band gap or to introduce mid-band gap energy levels that act as a stepping
stone between the energy levels, facilitating visible light absorption.
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1.2.3

The dye sensitised solar cell

The dye sensitised solar cell (DSSC) has shown great potential as the next generation
of solar cells.12 The DSSC has several advantages over current photovoltaic cells such
as; low production costs, more consistent energy production from diffuse and direct
sunlight, colour choice and transparency (figure 1.3).6,12 Also, because the DSSC
utilises TiO2 nanoparticles, solar cells of much smaller sizes can be produced and they
can even be flexible.

Figure 1.3. Pictures of DSSC13,14

Figure 1.4. Schematic of a DSSC showing energy levels and electronic transitions15

The DSSC mimics nature’s photosynthetic process of light absorption and electron
injection. In the DSSC (figure 1.4), light is absorbed by a coloured dye (commonly
6

ruthenium based dye), to produce an excited singlet state. Excited electrons from the
dye are then injected into the conduction band of the TiO2 support. Following
successful injection, the electron percolates through the oxide layer onto the working
electrode. Once the electron reaches the electrode it will travel to the counter
electrode, therefore generating an electrical current. The electrolyte contains a redox
couple (1, 2-dimethyl-3-propylimidazolium iodide, iodine, N-methylbenzimidazole, I-/I3-)
which will regenerate the oxidised dye, allowing for the process to start again.6,12
A significant drawback of the DSSC is the electronic processes that compete with
injection from the dye to the TiO2 working electrode. The main competitive pathway is
that of electron recombination in the dye. So instead of the dye excited electron
transferring to the conduction band of the TiO2, it will relax to the ground state of the
dye. Therefore, for the full potential of DSSC energy production to be realised it is
necessary for researchers to produce TiO2 with enhanced electron collection abilities.16
As TiO2 synthesis reactions are better understood it may become possible to design
synthesis techniques that will produce TiO2 materials capable of enhanced electron
capture properties.
1.2.4

Photocatalytic degradation of pollutants

Titanium dioxide has attracted great interest in the past decade due to its
environmental applications such as air purification and water remediation.1,17-25 The
photocatalytic mechanism (which will be covered in greater detail later in section 1.5) is
activated by light of energy greater than that of the semiconductor band gap. Upon
photo-activation, an electron-hole pair is produced that reacts with adsorbed species to
produce radical species. These radicals are powerful oxidising agents and will oxidise
organic contaminants to CO2 and H2O.
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1.3

Electronic Structure of a Semiconductor

When molecular orbitals are formed from two atoms, each type of atomic orbital gives
rise to two molecular orbitals. When N atoms are used, N molecular orbitals are
formed. In solids, N is very large, resulting in a large number of orbitals.17 The overlap
of a large number of orbitals leads to molecular orbitals that are closely spaced in
energy and so form a virtually continuous band (figure 1.5).18 The overlap of the lowest
unoccupied molecular orbitals (LUMO) results in the formation of a conduction band
and a valence band is formed from overlapping the highest occupied molecular orbitals
(HOMO). The band separation is known as the band gap (Eg), a region devoid of
energy levels. From the illustration shown in figure 1.5, the reduction in the band gap
size with the formation of bands can clearly be seen.

Figure 1.5. Change in the electronic structure of a semiconductor compound with
increasing number of monomeric units N19
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If a band is formed from the molecular overlap of s orbitals it is called an s band and
likewise, an overlap of p orbitals, forms a p band and an overlap of d orbitals will give a
d band. Typically, p orbitals have higher energy than s orbitals, resulting in a band gap.
However, if the s and p bands are of similar energy, then the two bands overlap.18 In
titanium dioxide, the valence band consists of oxygen 2 p orbitals and the conduction
band is made up from the titanium 3 d orbitals.8,20
The band gap of TiO2 anatase is 3.2 eV and rutile is 3.0 eV corresponding to an
absorbance threshold, λ = 388 and 415 nm respectively. Figure 1.6 shows the various
band positions of different semiconductors. For a semiconductor to be capable of
producing hydroxyl radicals, the potential of the valence band must be greater than the
potential of OH•. From figure 1.6 it can be seen that ZnO, TiO2, WO3 and SnO2 have
the potential to produce hydroxyl radicals.

Figure 1.6. Band positions of various semiconductors and relevant redox couples7

Titanium dioxide is regarded as an n-type semiconductor due to the presence of
oxygen vacancies in the lattice. These vacancies are formed upon the release of two
electrons and molecular oxygen leaving a positive (+2) oxide ion vacancy.7 When
electrons of energy lower than the conduction band are present, the result is an n-type
9

semiconductor (figure 1.7a). Alternatively if a material is added with fewer electrons
than the host, positive holes are added above the valence band resulting in a p-type
semiconductor (figure 1.7b).

Conduction Band

Conduction Band

Energy

Energy

Dopant Band

Dopant Band

Valence Band

Valence Band

(b)

(a)

Figure 1.7. Semiconductors, n-type (a), p-type (b)

1.4

Physical Properties of TiO2

Titanium is the world’s fourth most abundant metal and ninth most abundant element. It
was discovered in 1791 in England by Reverend William Gregor, who recognised the
presence of a new element in ilmenite.7 It was then rediscovered in rutile ore several
years later by a German chemist, Heinrich Klaporth who named it after Titans,
mythological first sons of the goddess Ge (earth in Greek mythology).7
Titanium is not found in its elemental state, it occurs mainly in minerals like rutile,
ilmenite, leucoxene, anatase, brookite, perovskite and spene. It is also found in
titanates and many iron ores.7 The metal has been detected in meteorites and stars. In
fact, samples brought back from the moon by Apollo 17 contained 12.1 % TiO2.7
The primary source and the most stable form of titanium dioxide is rutile ore. It was
discovered in Spain by Werner in 1803. Its name is derived from the Latin rutilus, red
because of the deep colour observed in some specimens when the transmitted light is
viewed.7 Rutile is one of three main polymorphs of titanium dioxide (TiO2), the other
polymorphs being; anatase and brookite.21-23 Brookite was discovered in 1825 by A.
10

Levy and was named after an English mineralogist, H. J. Brooke.7 In 1801 anatase was
named by R. J. Hauy from the Greek word ‘anatasis’ meaning extension, due to its
longer vertical axis compared to that of rutile.7
In all three forms, titanium (Ti4+) atoms are co-ordinated to six oxygen (O2-) atoms,
forming TiO6 octahedra.23 All three forms differ only in the arrangement of these
octahedra. The anatase structure, is made up of corner (vertice) sharing octahedra
(figure 1.8b) resulting in a tetragonal structure.7,8,21,22 In rutile the octahedra share
edges to give a tetragonal structure (figure 1.8a)7,8,21,22 and in brookite both edges and
corners are shared to give an orthorhombic structure (figure 1.8c).7,21,22

(a)

(b)

(c)

Figure 1.8. Crystalline structures of titanium dioxide (a)-rutile, (b)-anatase, (c)-brookite24

Titanium dioxide is an n-type semiconductor25 that has a band gap of 3.2 eV for
anatase,26-29 3.0 eV for rutile,30-32 and ~3.2 eV for brookite.33-35 Titanium dioxide (TiO2)
is the most widely investigated photocatalyst due to its strong oxidative properties, low
cost, non toxicity, chemical and thermal stability.36-38 Anatase and rutile are the most
researched polymorphs. Their properties are summarised in table 1.1.
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Table 1.1. Physical and structural properties of anatase and rutile

Property

Anatase

Rutile

Molecular Weight (g/mol)

79.88

79.88

Melting point (°C)

1825

1825

Boiling Point (°C)

2500 ~ 3000

2500 ~ 3000

Specific gravity

3.9

4.0

Light absorption (nm)

< 390

< 415

Mohr’s Hardness

5.5

6.5 – 7.0

Refractive index

2.55

2.75

Dielectric constant

31

114

Crystal structure

Tetragonal

Tetragonal

a = 3.78

a = 4.59

c = 9.52

c = 2.96

3.79

4.13

1.94 (4)

1.95 (4)

1.97 (2)

1.98 (2)

Lattice constants (Å)
Density (g/cm3)

Ti–O bond length (Å)

In the past few decades there have been several exciting breakthroughs with respect to
titanium dioxide. The first major breakthrough was in 1972 when Fujishima and Honda
reported the photoelectrochemical splitting of water (2H2O → 2H2 + O2) using a TiO2
anode and a Pt counter electrode.1 Titanium dioxide first showed promise for the
remediation of environmental pollutants in 1977 when Frank and Bard investigated the
reduction of CN- in water.2,3 This led into an increasingly well researched area of TiO2
because of the potential implications for environmental water and air purification
utilising solar energy.36,39-46 In 1997 Wang et al reported TiO2 surfaces with excellent
anti-fogging and self-cleaning abilities which were attributed to the super hydrophilic
attributes of the TiO2 surfaces.47 Nano sized titanium dioxide was employed to
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excellent use in an efficient solar cell, the dye sensitised solar cell (DSSC) as reported
by Graetzel and O’Regan in 1991.6
1.4.1

Anatase to rutile transformation

The anatase to rutile phase transformation in TiO2 is an area of both scientific and
technological interest.48,49 The anatase to rutile transformation (ART) is kinetically
defined and the reaction rate is determined by parameters such as particle
shape/size,50 purity,51 source effects,52 atmosphere53 and reaction conditions.54 It is
agreed that the mechanism for phase transformation of titania is one of nucleation and
growth.55,56 Anatase nanocrystals coarsen, grow and then transform to rutile only when
a critical size is reached.57 Therefore, phase transformation is dominated by effects
such as defect concentration,40 grain boundary concentration,58 and particle packing.59
Rutile is the thermodynamically stable phase, while anatase and brookite are both
metastable, transferring to rutile under heat treatment at temperatures typically ranging
between 600 – 700 °C.21 Anatase is widely regarded as the most photocatalytically
active of the three crystalline structures.7,60,61 The generally accepted theory of phase
transformation is that two Ti–O bonds break in the anatase structure, allowing
rearrangement of the Ti–O octahedra, which leads to a smaller volume, forming a
dense rutile phase.62,63 The removal of oxygen ions, which generate lattice vacancies,
accelerates the transformation. The transition follows first order kinetics, with an
activation energy of ~ 418 kJ mol-1.64 The breaking of these bonds can be affected by a
number of factors, including the addition of dopants, synthesis method and thermal
treatment.57,62,63,65,66
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1.5
1.5.1

Mechanism of Photocatalysis
Electronic processes

The term photocatalysis implies that light is acting as a catalyst in a reaction which is
not the case.19,67 However, the term photocatalysis will always be used to describe the
process that semi-conductor materials such as TiO2 undergo when irradiated by light of
a certain wavelength. It is a term that implies photon assisted generation of catalytically
active species.

Figure 1.9. Schematic of photocatalytic mechanism

In photocatalysis, light of energy greater than the band gap of the semiconductor,
excites an electron from the valence band to the conduction band (figure 1.9). In the
case of anatase, the band gap is 3.2 eV, therefore UV light (< 390 nm) is required to
initiate the photocatalytic process. Light (< 390 nm) excites an electron (e-CB) to the
conduction band generating a positive hole (h+VB) in the valence band (Scheme 1.1).
Charge carriers can be trapped as Ti3+ and O- defect sites in the TiO2 lattice, or they
can recombine, dissipating energy.68
TiO2 + hv → h+VB + e-CB

Scheme 1.1
14

Alternatively the charge carriers can migrate to the catalyst surface and initiate redox
reactions on the adsorbates.69 Positive holes generated by light become trapped by
surface adsorbed H2O. The H2O gets oxidised by h+VB producing H+ and OH• radicals
(Eqn. 1.1), which are extremely powerful oxidants (table 1.2). The hydroxyl radicals
subsequently oxidise organic species from the surrounding environment to CO2 and
H2O (Eqn. 1.3)70 and in most cases these are the most important radicals formed in
TiO2 photocatalysis.
Table 1.2. Oxidation potentials of various oxidants relative to NHE

Oxidant

Oxidation Potential (V)

OH• (hydroxyl radical)

2.80

O3 (Ozone)

2.07

H2O2 (hydrogen peroxide)

1.77

HClO (hypochlorous acid)

1.49

Cl (chlorine)

1.36

Electrons in the conduction band can be rapidly trapped by molecular oxygen adsorbed
on the particle. Trapped molecular oxygen will be reduced by excited electrons to form
superoxide (O2-•) radicals (Eqn, 1.2) that may further react with H+ (Eqn. 1.4), to
generate peroxide radicals (•OOH) and H2O2 (Eqn. 1.5).71,72
1.5.2

Recombination

Recombination is a major limitation in semiconductor photocatalysis as it reduces the
overall quantum efficiency of the photocatalyst because of the high recombination rate
of photo-induced electron-hole pairs at the surface of the photocatalyst.73 The
photocatalytic efficiency can be significantly enhanced if recombination is reduced.
Doping with ions,74-76 heterojunction coupling77-79 and nanosized crystals80,81 have all
been reported to promote separation of the electron-hole pair, reducing recombination
and therefore improving the photocatlaytic activity of the semiconductor material.
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When recombination occurs, the excited electron reverts to the valence band without
reacting with adsorbed species (Scheme 1.2).82 Radiation may be emitted when an
excited electron recombines with the valence band. As such, photoluminescence may
be successfully employed to monitor recombination and in general, low intensity
photoluminescence signals indicate lower recombination rates.73
e-CB + h+VB → energy

Scheme 1.2

H2O + h+VB → •OH + H+

Equation 1.1

O2 + e-CB → O2-•

Equation 1.2

•OH + VOC → H2O + CO2

Equation 1.3

O2-• + H+ → •OOH

Equation 1.4

•OOH + •OOH → H2O2 + O2

Equation 1.5

O2-• + VOC → CO2 + H2O

Equation 1.6

•OOH + VOC → CO2 + H2O

Equation 1.7

Equations 1.1 – 1.7 schematise the whole process.68,70,83 Hydroxyl radicals produced
by the photocatalytic process will oxidise the majority of volatile organic compounds
(VOC) until complete mineralization. Recombination competes strongly with the
photocatalytic process. It may occur on the surface in the bulk and is in general
catalysed by impurities, defects, or all factors which introduce bulk or surface
imperfections into the crystal.84 The fact that the process can only be initiated by UV
light is also a limiting factor in the process. It is desirable to produce a photocatalyst
that can be activated by visible light to make full use of the solar spectrum.
1.5.3

Physical effects

The photocatalytic efficiency of a TiO2 photocatalyst depends not only on the electronic
properties of the materials. The availability of active sites on the material surface also
plays a major role in the ability of the photocatalytic material to degrade organic
contaminants.7 A photocatalyst can produce an infinite amount of oxidising species to
no effect unless the resulting radicals migrate to the TiO2 surface where they can
initiate the oxidation of the organic species from the surrounding environment.
16

Therefore, properties such as crystal size and structure, pore size/volume, density of
OH groups, surface charge, number and nature of trap sites and absorption/desorption
characteristics all play an important factor in the photocatalytic activity of TiO2.7,85 Large
surface areas will result in an increase in the number of active degradation sites
available for degradation reactions. A delicate balance between surface area and
recombination must be achieved in order to produce an effective photocatalyst. Smaller
crystal sizes will result in larger surface areas but a spectral blue shift can be observed
with crystal sizes below 10 nm. This is believed to be the result of the quantum size
effect. The quantum size effect is believed to produce a blueshift in the absorbance
band edge as a consequence of exciton confinement with decreasing particle size.86
Recombination is also promoted with larger surface areas. This is usually because
increased amounts of crystal defects are present with larger surface areas. The surface
defects will act as recombination centres for the photoinduced electron/hole pair.7
Surface hydroxyl groups also affect the photocatalytic efficiency of the materials.
Surface hydroxyl groups participate in the photocatalytic process in a number of ways.
They trap photoexcited electrons and produce OH• radicals and they can also act as
active absorption sites for pollutants.7 The high temperature calcination of TiO2 will
result in the removal of surface hydroxyl groups. Because rutile is produced from the
high temperature calcination of anatase, rutile possesses fewer surface hydroxyl
groups and as such this is considered as one of the reasons why rutile is a weaker
photocatalyst than anatase.

1.6

Superhydrophilicity

It is known that titanium dioxide surfaces display excellent anti-fogging and selfcleaning abilities because of the super hydrophilic attributes the TiO2 surfaces.47 Wang
et al have reported that the transition between the hydrophobic and hydrophilic states
could possibly be connected to photoactive electronic transition across the energy gap,
i.e., the conversion of Ti4+ sites into Ti3+ on the surface under UV illumination.87,88
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Therefore in terms of UV activation, there are common features between the
photocatalytic mechanism and hydrophilicity.89
Recently however, there has been some consensus that the basic mechanism of these
two phenomena may not be the same. According to Wanabe,90 the existence of sodium
ions in TiO2 showed very different effects on these photoinduced reactions, suggesting
two different photoinduced defect reaction mechanisms on the surface. The essential
photocatalytic mechanism could be explained in terms of bulk properties, such as the
charge transfer efficiency of a wide gap semiconductor. Therefore it seems
photocatalysis of TiO2 is more dependent on bulk properties, while the hydrophilicity of
TiO2 is an inherently interfacial property, limited to the interface between TiO2 surface
(solid) and water (liquid).89
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Figure 1.10. Mechanism of photo-induced hydrophilicity

The hydrophilic mechanism is believed to be as follows; electrons reduce the Ti (IV)
cations to the Ti (III) state, and the holes oxidise the O2- anions. In the process, oxygen
atoms are ejected and oxygen vacancies are created (figure 1.10). Water molecules
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can then occupy these oxygen vacancies, producing adsorbed OH groups, which tend
to make the surface hydrophilic.91

1.7
1.7.1

Improving Photocatalytic Materials
Decreasing the band gap (visible light activated TiO2)

A major drawback of TiO2 photocatalysis is the large band gap. Titanium dioxide can
only be activated upon irradiation with a photon of light <390 nm, limiting its use under
solar irradiation.92-94 Ultraviolet light makes up 3 – 5 % of the solar spectrum, whereas
the spectrum consists of ~ 40 % visible light. Therefore, in order to utilise TiO2 to its full
potential it is necessary to decrease the band gap size facilitating visible light
absorption. Non-metal doping has shown great promise in achieving visible light
activated photocatalysis, with nitrogen being the most effective dopant. Asahi et al
were the first to show visible light absorption through N doping. They reported nitrogen
doped TiO2 promoted photocatalytic activity up to λ = 520 nm.95 The nitrogen
substitutional doping of TiO2 was early claimed as a method for narrowing the band
gap by exclusively changing the valence band structure; fine electronic details of this
are however under discussion. Asahi et al claimed that the presence of nitrogen
narrows the band gap of TiO2 thus making it capable of performing visible light driven
photocatalysis.95 However, Ihara et al suggested that it is the oxygen vacancies that
contributed to the visible light activity, and the doped nitrogen only enhanced the
stabilisation of these oxygen vacancies.96 They also confirmed this role of oxygen
vacancies in plasma-treated TiO2 photocatalysts.96 In addition the structural oxygen
vacancy caused visible light photocatalytic activity was also reported by Martyanov et
al.97 Currently there appears to be some agreement on the mechanism of nitrogen
doped visible light absorption explained by Irie and Nakamura.98,99 They explained that
TiO2 oxygen lattice sites substituted by nitrogen atoms form an occupied midgap (N-2p)
level above the (O-2p) valence band (figure 1.11). Irradiation with UV light excites
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electrons in both the valence band and the narrow (N-2p) band, but irradiating with
visible light only excites electrons in the narrow (N-2p) band.98,99

Reduction:
Conduction Band

-
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Ti 3d

O2 + e- → O2-•
Super oxide
radical

hv > 390 nm
Band Gap (Eg)

hv < 390 nm

2.45 eV

N 2p
mid-gap
+

O 2p

hole

Oxidation:
H2O + h+ → OH•
Hydroxyl radical

Valence Band

Figure 1.11. Schematic of N-doped TiO2 photocatalysis

It has also been shown that F doping improves both UV and visible light photocatalytic
activity. However, their mechanisms are still under discussion. Previous studies have
shown that N-F-codoped TiO2 powders demonstrated excellent photocatalytic activity
no matter what kind of light source was used. This seems to be a consequence of the
perfect combination of some beneficial effects induced by both N and F dopants.100
Carbon, phosphorous and sulfur have also shown positive results for visible light
responsive TiO2.101,102 The non-metal dopants effectively narrow the band gap of TiO2
(< 3.2 eV).103-105 Change of the lattice parameters and the presence of trap states
within the conduction and valence bands from electronic perturbations give rise to band
gap narrowing.92 Not only does this allow for visible light absorption but the presence of
trap sites within the TiO2 bands increases the lifetime of photoinduced charge carriers.
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Doping of TiO2 with transition metals such as Cr, Co, V and Fe have extended the
spectral response of TiO2 well into the visible region also improving photocatalytic
acitivity.92,106-109 However, transition metals may also act as recombination sites for the
photo induced charge carriers thus, lowering the quantum efficiency. Transition metals
have also been found to cause thermal instability to the TiO2 nanomaterials.74 Kang
argues that despite the fact that a decrease in band gap energy has been achieved by
many groups through metal doping, photocatalytic activity has not been remarkably
enhanced because the metals introduced were not incorporated into the TiO2
framework. In addition, metals remaining on the TiO2 surface cover photo reaction
sites.110
1.7.2

Reducing recombination

When titanium dioxide absorbs photons of light with energy greater or equal to its band
gap (3.2 eV for anatase), electrons are excited from the valence band to the conduction
band.8 Instead of the charge carriers migrating to the nanoparticle surface and
undergoing redox reactions, the can recombine, nonradiatively or radiatively,
dissipating the energy as light or heat.8,73 The competition between recombination and
redox processes determines the efficiency of the photocatalytic process. The
processes can be summarised as follows:8,111
TiO2 + hv → e- + h+

Scheme 1.3

e- + Ti(IV)O–H → Ti(III)O–H-(X)

Equation 1.8

h+ + Ti(IV)O–H → Ti(IV)O•–H+(Y)

Equation 1.9

h+ + ½O2-lattice ↔ ¼O2(g) + vacancy

Equation 1.10

e- + O2,s → O2,s-

Equation 1.11

O2,s- + H+ ↔ HO2,s

Equation 1.12

h+ + Ti(III)O–H- → Ti(IV)O–H

Equation 1.13

e- + Ti(IV)O•–H+ → Ti(IV)O–H

Equation 1.14

O2,s + Ti(IV)O•–H+ → Ti(IV)O–H + O2,s

Equation 1.15
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Scheme 1.4. Redox pathways of hydroxylated TiO2

Scheme 1.1 shows the photon absorption process. Equations 1.8 – 1.12 are the
photocatalytic redox pathways that compete with the recombination channels
(Equations 1.13 – 1.15).8,111 Serpone et al found that trapping excited electrons as Ti3+
species occurred on a time scale of ~ 30 ps and that about 90 % or more of the
photogenerated electrons recombine within 10 ns.112 Recombination is thus a process
that must be overcome in order to improve the photocatalytic activity of TiO2
nanomaterials.
Several researchers have modified TiO2 with transition metals. Deposition of noble
metals Ag, Au, Pt and Pd on the surface of TiO2 enhance the photocatalytic efficiency
by acting as an electron trap, promoting interfacial charge transfer and therefore
delaying recombination of the electron-hole pair.113-117
Hwang et al showed that platinum deposits on TiO2 trap photo-generated electrons,
and subsequently increase the photo-induced electron transfer rate at the interface.
They also provide catalytic sites where different mechanistic pathways from those on
naked TiO2 are enabled.118 While Morikawa et al showed that doping TiO2 with Cr was
found to reduce photocatalytic activity, and that Cr and V ion implanted TiO2 showed
higher photocatalytic performances than bare TiO2 did for the decomposition of NO
under solar irradiation.119
Another technique involves TiO2 doping with transition metals such as Fe, Cu, Co, Ni,
Cr, V, Mn, Mo, Nb, W, Ru, Pt and Au.115,120-128 The incorporation of transition metals in
the titania crystal lattice may result in the formation of new energy levels between VB
and CB, inducing a shift of light absorption towards the visible light region.
Photocatalytic activity depends on the nature and the amount of doping agent. Possible
limitations are photocorrosion and promoted charge recombination at metal sites.120
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Many researchers have focused on modifying TiO2 with silver. Silver has a Fermi-level
or electron accepting region at an energy level just below the conduction band.
Therefore, after light absorption and charge separation, the electron in the conduction
band can be effectively trapped by silver, while the hole oxidises water and forms
hydroxyl radicals, without the threat of recombination (figure 1.12). Chao et al reported
the effect of Ag doping on the phase transformation and grain growth of sol-gel TiO2
powder.129 Kuo et al showed through X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) that silver on TiO2 surface coatings was easily oxidised into silver
oxide (Ag2O) and that the addition of silver causes a reduction in photoluminescence
intensity as found by photoluminescence (PL) spectroscopy.93 Seery et al previously
showed enhanced visible light photocatalysis with Ag modified TiO2.130

Conduction Band
electron

Ag
nanoparticle

hv < 390 nm

Oxidation:
hole

+

H2O + h+ → OH•
Hydroxyl radical

Valence Band

Figure 1.12. Mechanism for reduced recombination in the presence of silver

Another method of reducing recombination is to produce a heterojunction. Such is the
case with the industrial TiO2 photocatalyst Degussa P25 where a combination of
anatase (~80 %) and rutile (~20 %) results in increased photocatalytic activity. The
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intimate contact between two phases enhances the separation of photogenerated
electrons and holes resulting in reduced recombination.131
1.7.3

Deactivation of TiO2

Deactivation of TiO2 photocatalysts has proved to be a major obstacle for commercial
applications.132 Deactivation occurs when partially oxidised intermediates block the
active catalytic sites on the photocatalyst.133 Gas phase deactivation is more
predominant than the aqueous phase, because in the aqueous phase, water assists in
the removal of reaction intermediates from the photocatalyst surface.134 The
photocatalytic degradation of many organic compounds generates unwanted
byproducts.19 Certain elements and functional groups contained in organic molecules
have been found to strongly hinder the photocatalytic ability of TiO2 through
deactivation. Peral and Ollis found that N or Si containing molecules may cause
irreversible deactivation through the deposition of species that inhibit photoactive sites
on the catalyst surface.135 Carboxylic acids formed from alcohol degradation are also
believed to strongly adsorb to the active sites of a catalyst and cause deactivation.19
Strongly adsorbed intermediate species appear to commonly cause deactivation of a
photocatalyst and it is certainly an area where further improvement is essential before
TiO2 can be considered a viable option for continuous photocatalytic applications.
Several researchers have been studying regeneration methods for the TiO2
photocatalyst. Potential regeneration methods investigated include; thermal treatment
(< 400 °C) in air,136 sonication with water and methanol,137 irradiating the catalyst under
UV light while passing humid air over the surface138 and exposing the catalyst to air rich
with H2O2, both with and without UV light.134

1.8

Synthesis Techniques

The choice of synthesis technique can be a key factor in determining the effectiveness
of the photocatalyst as studies have shown that TiO2 production and physical form are
among the most important factors in determining the overall photocatalytic
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efficiency.3,139-146 There are many methods of synthesising titanium dioxide, such as
hydrothermal,147,148 combustion synthesis,149 gas-phase methods,150,151 microwave
synthesis and sol-gel processing.152 This research focuses on sol-gel processing
techniques which will be discussed in great detail however, an overview of other much
used techniques is also provided.
1.8.1

Hydrothermal synthesis

Hydrothermal synthesis is typically carried out in a pressurised vessel called an
autoclave with the reaction in aqueous solution.8 The temperature in the autoclave can
be raised above the boiling point of water, reaching the pressure of vapour saturation.
Hydrothermal synthesis is widely used for the preparation of TiO2 nanoparticles which
can easily be obtained through hydrothermal treatment of peptised precipitates of a
titanium precursor with water.8,153 The hydrothermal method can be useful to control
grain size, particle morphology, crystalline phase and surface chemistry through
regulation of the solution composition, reaction temperature, pressure, solvent
properties, additives and aging time.7
1.8.2

Combustion

Combustion synthesis leads to highly crystalline particles with large surface areas.104,149
The process involves a rapid heating of a solution containing redox groups.7 During
combustion, the temperature reaches approximately 650 °C for one or two minutes
making the material crystalline. Since the time is so short, the transition from anatase
to rutile is inhibited.7
1.8.3

Gas phase methods

Gas phase methods are ideal for the production of thin films. Gas phase can be carried
out chemically or physically. Chemical vapour deposition (CVD) is a widely used
industrial technique that can coat large areas in a short space of time.7 During the
procedure, titanium dioxide is formed from a chemical reaction or decomposition of a
precursor in the gas phase.150,154
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Physical vapour deposition (PVD) is another thin film deposition technique. Films are
formed from the gas phase but without a chemical transition from precursor to product.
For TiO2 thin films, a focused beam of electrons heats the titanium dioxide material.
The electrons are produced from a tungsten wire heated by a current. This is known as
electron beam (E-beam) evaporation. Titanium dioxide films deposited with E-beam
evaporation have superior characteristics over CVD grown films such as, smoothness,
conductivity, presence of contaminations and crystallinity. Reduced TiO2 powder
(heated at 900 °C in a hydrogen atmosphere) is necessary for the required
conductance needed to focus an electron beam on the TiO2.155
1.8.4

Microwave synthesis

Various TiO2 materials have been synthesised using microwave radiation. Microwave
techniques eliminate the use of high temperature calcination for extended periods of
time and allow for fast, reproducible synthesis of crystalline TiO2 nanomaterials.
Corradi et al prepared colloidal TiO2 nanoparticle suspensions within 5 minutes using
microwave

radiation.156

High

quality

rutile

rods

were

developed

combining

hydrothermal and microwave synthesis,157 while TiO2 hollow, open ended nanotubes
were synthesised through reacting anatase and rutile crystals in NaOH solution.158

1.9

Sol-Gel Processing

Sol-gel processing is a common chemical approach to produce high purity materials
shaped as powders, thin film coatings, fibres, monoliths and self-supported bulk
structures.139,143,144,146 The sol-gel method has several advantages over other synthesis
techniques such as purity, homogeneity, stoichiometric control, ease of preparation and
ease of introducing dopants, composition and the ability to produce thin film coatings or
porous powders. There are two possible routes for carrying out sol-gel synthesis, the
non-alkoxide route and the alkoxide route. The non-alkoxide route uses inorganic salts
(TiCl4) as the starting material.7,164-167 This requires the removal of the inorganic anion
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to produce the required oxide (titanium dioxide). However, halides often remain in the
final oxide material and are difficult to remove.
The alkoxide route involves hydrolysis of a metal alkoxide, followed by condensation.
The hydrolysis/condensation reactions typically form a three dimensional polymeric
structure, that, upon calcination will result in anatase or rutile titanium dioxide crystals
depending on the calcination temperature. The alkoxide route is used throughout this
thesis and it will be explained in greater detail in the following section.

1.10 Mechanism of Sol-Gel Synthesis
The past two decades have shown an increasing interest in the development of
organic/inorganic materials prepared by the sol-gel process.159-169 Although a lot of the
research carried out on sol-gel science focuses on silicates168,170,174,176-178 due to
silicons ability to form stable organic frameworks through Si–C covalent bonds,163 This
thesis focuses on transition metal (mainly titanium) based sol-gel science. Transition
metals can not form stable covalent bonds with carbon but can be linked to organic
components through coordinative or ionic bonds.163
The sol-gel process involves hydrolysis and condensation of the metal alkoxide
followed by heat treatment at elevated temperatures which induce polymerisation,
producing a metal oxide network.170 In general, transition metals have low
electronegativities and their oxidation state is frequently lower than their coordination
number in an oxide network. Therefore, coordination expansion occurs spontaneously
upon reaction with water or other nucleophilic reagents to achieve their preferred
coordination.171 Metal alkoxides are in general very reactive due to the presence of
highly electronegative OR groups (hard-π donors) that stabilise the metal in its highest
oxidation state and render it very susceptible to nucleophilic attack. The lower
electronegativity of transition metals causes them to be more electrophilic and thus less
stable toward hydrolysis, condensation and other nucleophilic reactions. Controlling the
conditions can be difficult but successful control of the reaction conditions has the
potential to produce materials of consistent size, shape and structure.139,143,144,146,171
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1.10.1 Mechanism of hydrolysis
As stated previously the sol-gel reaction involves hydrolysis of the metal alkoxide
followed by condensation. Both hydrolysis and condensation is described in further
detail in these sections.
Hydrolysis of titanium alkoxides occurs through a nucleophilic substitution (SN)
reaction. When a nucleophile, such as water is introduced to titanium alkoxide a rapid
exothermic reaction proceeds. The nucleophilic addition (AN) of water involves a proton
from the attacking nucleophile (water) being transferred to the alkoxide group. The
protonated species is then removed as either alcohol or water (scheme 1.5).164,172
O
H

+ RO

M

HO

M + ROH

H

Scheme 1.5. Hydrolysis reaction

The nucleophilic substitution reaction that occurs during hydrolysis can be described as
follows:164
1. Nucleophilic addition of the H2O onto the positively charged metal atom.
2. Proton transfer, within the transition state from the entering molecule to the
leaving alkoxy group.
1.10.2 Mechanism of condensation
Condensation reactions complete the sol-gel process. Condensation can proceed
through either alcoxolation or through oxolation. In both processes an oxo bridge is
formed between the metals (M–O–M) but the leaving group differs. During alcoxolation,
two partially hydrolysed metal alkoxide molecules combine and an oxo bridge is formed
between the two metals with alcohol departing as the leaving group (scheme 1.6).164,172
OR
RO

Ti
OR

OR
OH + RO

Ti
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Ti
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O
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Scheme 1.6. Alcoxolation reaction
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OH

In oxolation (scheme 1.7) two partially hydrolysed metal alkides combine to form an
oxo bridge between the metal centres but water is the leaving group.
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Ti
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Scheme 1.7. Oxolation reaction

Condensation reactions can proceed to form large chains of molecules through
polymerisation.
The electrophilicity of the metal, the strength of the entering nucleophile and the
stability of the leaving group all have an influence over the thermodynamics of the
hydrolysis and condensation reactions. To gain a better understanding of the reactions,
Sanchez et al employed a ‘partial charge model’ which involves the principle of
electronegativity equalisation.164,173 This allowed them to calculate the charge
distribution over the atoms involved in the reaction. The model allows the charge δi of
each atom Xi in a given molecule to be calculated.164 It was shown that hydrolysis,
alcoxolation and oxolation reactions are favoured when δ(O) << 0, δ(M) >> 0, and
δ(H2O) or δ(ROH) > 0.174 Their charge distribution calculations showed that
alcoxolation is the preferred condensation pathway for Ti(OEt)4. Protonation of ethoxide
(OEt), produced a more positively charged leaving group (δ(EtOH) = 0.02) than OH
protonation

(δ(HOH)

=

-0.25).174

Therefore

showing

how

alcoxolation

is

thermodynamically favoured over oxolation during the condensation of [Ti2(OEt)6(OH)2].
These results indicated that alcoxolation may be the favoured condensation route for
all titanium alkoxides.164
The extent of undersaturation of the metal, that is the coordination number, N, minus
the charge, z (N – z), along with the ability of the leaving proton to be transferred,
govern the kinetics of the reaction. The activation energy is reduced with high metal
undersaturation values and greater proton acidity. Therefore enhancing the reaction
kinetics.172
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Transition metals are very electropositive. Livage et al calculated the partial charge
values, δ(M) of 0.61 for Ti(OPr)4 and 0.63 for Ti(OEt)4, compared to δ(M) of 0.32 for
Si(OEt)4.164 These values help explain why the hydrolysis and condensation kinetics of
titanium alkoxides are so rapid compared to Si(OR)4. A calculated rate constant value
for Ti(OR)4, 10-3 M-1 s-1,172,175-177 is five orders of magnitude greater than the value
calculated for Si(OR)4, 5 x 10-9 M-1 s-1. The calculated values show why the
hydrolysis/condensation reactions occur at greater speed for titanium alkoxides than for
silicon alkoxides.
Another major factor regarding sol-gel reaction kinetics is the extent of oligomerisation
(molecular complexity) of the metal alkoxide. Molecular complexity varies depending on
the nature of the metal atom. An increase in atomic size causes an increase in
molecular complexity.

178,179

The alkoxide ligand also influences molecular complexity.

As an example, Ti(OEt)4 is an oligomer, but Ti(OPr)4 is monomeric.179 Ti(OPr)4 is more
susceptible to hydrolysis than Ti(OEt)4 because terminal OR ligands are more reactive
towards proton transfer than bridging ligands.
Employing a solvent may also influence the reaction kinetics as if a suitable solvent is
chosen; it may be preferentially hydrolysed over the alkoxide ligands. This allows for
greater control over the reaction kinetics through the correct use of solvent.174 Kundu et
al demonstrated how the correct choice of solvent can effect a sol-gel reaction through
the hydrolysis of Zr(OPr)4.180 Dissolving Zr(OPr)4 in the polar solvent isopropanol
resulted in the formation of a precipitate but when the non-polar cyclohexane was used
as a solvent, homogenous gels were formed.180 It was believed that when cyclohexane
was chosen, hydrolysis reactions were slow to occur and alkoxy bridges were formed
resulting in the formation of a homogenous gel. However, with isopropoxide, partial
hydrolysis occurs resulting in rapid hydrolysis and the formation of a precipitate.180
Hydrolysis and condensation kinetics are also affected by the organic ligand. The
hydrolysis rate of titanium alkoxides decreases with increasing alkyl chain length.177,181
This is mainly due to the steric effect which is expected for an associative SN reaction
mechanism. Another factor was shown by Livage et al where a trend of decreasing
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partial charges of δ(Ti) and δ(H) was found with increasing alkyl chain length174 and it
was believed that this too would contribute to slower kinetics. Alkyl chain length also
influences the condensation pathway, even under mild hydrolysis conditions, and
several researchers have shown that with shorter alkyl ligand chains such as Et or Pr,
precipitation occurs but a stable sol was obtained with butoxide as the alkyl
group.177,182,183 What is then observed in inorganic systems is that, the initial
condensation products are oligomeric species that subsequently aggregate to form
gels or precipitates. The oligomer size depends on the alkyl chain length (R), smaller
oligomers occur with larger alkyl chain lengths. The R group also influences the
morphology (particle size and surface area) and crystallisation behaviour of the
resulting gel.184,185 This may be caused by the altering size and structure of the primary
oligomeric building blocks.172
1.10.3 Role of the catalyst
Acid and base catalysts can have a strong influence over hydrolysis and condensation
rates as well as the structural properties of the final product. The addition of an acid will
result in the preferential protonation of the negatively charged alkoxide group (scheme
1.8). Protonation of the alkoxide group produces good leaving groups which enhance
the reaction kinetics, eliminating any proton transfer that occurs in the transition state
and thus allowing hydrolysis to go to completion upon the addition of water.
H
M

OR + H+

+

M

+

O

H2O

R

Scheme 1.8. Acid catalyst reaction

The condensation pathway can be influenced by the ease of protonation of the different
alkoxide ligands (scheme 1.9).174
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Scheme 1.9. Partially hydrolysed polymer

The ease of protonation decreases following, A > B > C > D, this reflects the electron
providing power of the ligands, which decreases as alkoxy < hydroxo < oxo. Because
of this, acid catalysed condensation occurs at the end of chains rather than the middle,
resulting in longer polymer chains with little branching.172 A combination of acid
catalysts with low r values (water:metal ratio in alkoxide) result in monolithic gels186,187
or sols.188,189 The kinetics of the condensation reactions are severely retarded with high
acid concentrations (H+/Ti ≥ 1).174
In

alkaline

conditions,

hydroxo

ligands

are

deprotonated,

producing

strong

nucelophiles:
L–OH + :B → L–O- + BH+

Equation 1.16

where L = M or H and B = OH- or NH3. The hydrolysis rate of Ti(OBu)4 was less in
basic conditions than in acidic or neutral conditions. It was postulated that the
nucleophilic addition of OH- may reduce the partial charge of the titanium metal centre
(δ(Ti)), making the hydrolysis reaction less favourable.172,174,190
While hydrolysis kinetics are retarded in basic conditions, the condensation kinetics of
metal alkoxides are enhanced. Calculated partial charge values of δ(Ti) calculated for
model sites A – D (scheme 1.9)174 show a decrease in the order of reactivity toward
nucleophilic attack in the order D > C > B > A. Therefore, base-catalysed condensation
(and hydrolysis) should be directed toward the middle rather than the end of chains,
resulting in the formation of compact, highly branched species.172
1.10.4 Chemical modification
The reaction rates of hydrolysis and condensation reactions associated with sol-gel
synthesis can easily be altered. Chemical modification of titanium alkoxides will retard
hydrolysis and condensation reactions, allowing for greater control over the reaction
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and evolving polymeric species.164,174 Modification typically occurs through a
nucleophilic substitution (SN) reaction. A new molecular precursor is produced upon the
reaction of a nucleophilic reagent (XOH) with a metal alkoxide.164
XOH + M(OR)z → M(OR)z-x(OX)x + xROH

Equation 1.17

If M is coordinatively unsaturated (N – z >1) by nucleophilic addition (AN), then:
XOH + M(OR)z → M(OR)z(XOH)N-z

Equation 1.18

When δ(M) >>1, (N – z) > 1, and (XOH) is a strong nucleophile, the reactivity of the
alkoxide towards this modification is increased.174
The hydrolysis and condensation behaviour of the modified precursor depends on the
stability of the modifying ligands. In a typical modified synthesis, alkoxide ligands that
are less electronegative are preferentially removed during hydrolysis. The modifying
ligands which tend to be more electronegative will remain throughout the hydrolysis
and are only removed during condensation.172 In modified precursors, stable modifying
ligands cause the effective functionality toward condensation to be reduced, altering
the condensation pathway and resulting in less highly condensed products and
promoting gelation.172
Alcohol exchange reactions can readily occur with metal alkoxide precursors:
M(OR)z + xR’OH → M(OR)z-x(OR’)x + xROH

Equation 1.19

therefore, alcohol exchange is known to be a common method of alkoxide synthesis.179
When δ(M) >> 1 and when R’ is less sterically bulky than R, alcohol exchange will
proceed. Alcohol exchange rates decrease as alkoxy chain length increases, MeOH >
EtOH > PriOH > ButOH.174 As hydrolysis rates decrease with steric bulk of the alkoxy
ligands, chemical modification of transition metal precursors may involve exchanging a
bulky ligand for a less bulky one.191
The hydrolysis behaviour of transition metal alkoxides can be significantly altered
through alcohol exchange. Precipitation occurs when relatively small alkoxy ligands
such as Ti(OEt)4 or Ti(OPri)4 are hydrolysed with excess water (r > 2). Whereas stable
sols are obtained with the bulky Ti(OAmt)4, (OAmt = amyl alcohol, C5H11OH). In the
mixed alkoxide, Ti(OPri)4-x(OAmt)x, the (OAmt) group is less electronegative than (OPri).
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As hydrolysis preferentially occurs on less electronegative ligands, (OAmt) is
preferentially hydrolysed and rapid gelation occurs.164
Acetic acid (HOAc) is commonly used to modify titanium alkoxides. Reacting of (HOAc)
with metal alkoxides leads to the formation of metal alkoxo-acetates.192-194 The addition
of HOAc increases the gel time for Ti(OR)4 as explained below.164 Livage and
coworkers195 have performed many experiments on acetic acid modified Ti(OR)4. They
have combined X-ray absorption near edge spectroscopy (XANES),

13

C NMR, IR and

X-ray absorption fine structure (EXAFS) and have made several breakthroughs
regarding the structure and behaviour of HOAc modified titanium alkoxides.
They have shown that Ti(OPri)4 consists of monomeric units and the Ti atom exhibits a
coordination number, N = 4. Upon addition of glacial acetic acid an exothermic reaction
occurs. XANES experiments indicated that the coordination number of the central
titanium atom, N, instantaneously increases to 6.

13

C NMR showed that the chemical

environments of the carboxylic and methyl carbons in the HOAc were altered after the
reaction with Ti(OPri)4. It is believed that this is due to the HOAc bonding with the
titanium and not the OPri groups. However, both bridged and terminal OPri ligands
remain are present (figure 1.13). The IR spectrum of the reaction product exhibits
absorption bands due to titanium alkoxide, acetic acid and the propyl acetate ester.
Also, there are two strong bands at ~ 1500 cm-1 assigned to the symmetric and
antisymmetric stretching vibrations of bridging carboxylic groups: vs(CO2-) = 1450 cm-1
and va(CO2-) = 1580 cm-1. The frequency difference (Δv = 130 cm-1) is typical of an
acetate ion acting as a bidentate ligand. IR also confirms the presence of both terminal
(1084 cm-1) and bridging (1034 cm1) OPri ligands. This evidence combined with a Ti-Ti
correlation of 3.05 Å determined from EXAFS is consistent with a dimer composed of
bridging and terminal OPri ligands and bridging CH3COO- ligands as shown in figure
1.13.195
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Figure 1.13. Proposed structure of titanium acetate195

During hydrolysis, 1H and

13

C NMR and IR spectroscopy indicated that OPri groups are

preferentially hydrolysed,195 whereas the bridging acetate ligands remain bonded to
titanium throughout much of the condensation process. Since the bridging CH3COOligands are not hydrolysed, they effectively alter the condensation pathway perhaps
promoting the formation of linear polymers composed of edge shared octahedra.172 The
formation of the edge shared octahedra stabilise TiO2 as anatase.195,196

1.11 Overview of Thesis
There is significant research being carried out on titanium dioxide semiconductors
because of the wide amount of applications associated with the materials. Possibly the
most investigated application of titanium dioxide is photocatalysis. Of the three
common polymorphs of TiO2, it is widely agreed that anatase has shown the most
promise towards photocatalytic applications. As shown in the introduction, several
techniques have been employed to synthesise TiO2 nanomaterials. Of all the
techniques mentioned in section 1.8, it is the sol-gel technique that this thesis will be
based upon. The sol-gel technique is widely used for the synthesis of semiconductor
nanomaterials. However, there is still much to be understood about the mechanism
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from synthesis through to crystallisation and transformation. In the 80’s and 90’s,
Livage, Sanchez and Doeuff carried out pioneering research on the sol-gel reactions of
metal alkoxides. They also modified the metal alkoxides, thus, controlling the
hydrolysis/condensation reactions associated with the sol-gel mechanism. The adapted
materials were characterised through (XANES, EXAFS and FTIR) and structures of the
modified metal alkoxides were proposed. Today, these proposed structures are still
accepted and through their pioneering work the sol-gel synthesis of metal alkoxides is
better understood.
In order for TiO2 to be utilised in wider areas, it is necessary that anatase can be stable
at temperatures exceeding 1000 °C. Greater anatase to rutile transformation
temperatures have been achieved through the addition of various dopants and
contradictory results have been found. In order to synthesise anatase that is stable at
high temperatures it is necessary to understand how the metal alkoxide framework is
arranged before crystallisation occurs and how modifying or doping the materials
affects this framework. Why do different conditions cause anatase to transform to rutile
at lower/higher temperatures? How do various dopants affect the band gap and
photocatalytic mechanism and do different dopants affect the metal alkoxide framework
in the early stages of synthesis? What happens when metal oxides are simultaneously
synthesised? These are questions which are addressed in this thesis.

1.12 Aims and Objectives
The aims and objectives of this body of work are as follows:


To understand how chemical modification of titanium alkoxide precursors
influences the crystallisation behaviour and phase transition of TiO2 materials.
Structural determination of modified precursor materials can be investigated with IR
and Raman and the crystalline phase can be found using XRD



Addition of silver has been well reported to influence early phase transformation of
anatase to rutile. Several researchers have reported that silver causes an increase
in nucleation sites and oxygen vacancies which can all result in early phase
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transformation. However, the effect of silver on the initial sol-gel reaction has not
been investigated. The major objective of this study is to understand the effect of
silver on the initial reaction before the heat treatment in order to gain a greater
knowledge of how the crystal phase transformation can be affected after the
annealing process.


Anatase is widely reported as the most active crystalline phase for photocatalytic
applications, however to utilise anatase for high temperature applications it is
necessary to delay the anatase to rutile transformation temperature. This can be
achieved through the addition of dopants. It is also necessary to develop visible
light active TiO2 in order to utilise the full solar spectrum. The objective of this work
was to develop a high temperature stable visible light active anatase
photocatalysts.



A combination of semiconductor nanomaterials has shown improved photocatalytic
properties, a simple sol-gel synthesis for the production of semiconductor hybrids is
necessary for the development of such materials. This study aims at the
development of sol gel ZnO/TiO2 hybrids for potential photocatalytic applications.

The thesis is arranged into seven chapters as follows:

Chapter 1 introduces titanium dioxide and its applications as well as giving an
overview of the photocatalytic and hydrophilic mechanisms and summarising different
synthesis techniques, focusing on sol-gel synthesis and giving a detailed step by step
description of the sol-gel process.

Chapter 2 presents the materials and experimental set-up used for the synthesis and
phtocatalytic activity studies of the semiconductor nanomaterials. All characterisation
techniques used are also presented.
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Chapter 3 explains the effect of chelation on the anatase to rutile transformation. The
effect of various molar ratios of formic acid and water are investigated and through
XRD, FTIR and Raman a possible structural arrangement is proposed that may
influence the anatase to rutile transformation.

Chapter 4 explains how the presence of silver retards the formation of chelation
complexes, resulting in a lowering of the anatase to rutile transformation temperature.
XPS, FTIR, Raman, XRD and DSC results support the proposed blocking effect of
silver on titanium-formate chelation.

Chapter 5 provides a detailed study of TiO2 modified and doped through various routes
and shows the advantages and drawbacks of the various dopants from both a
photocatalytic and a phase transformation viewpoint.

Chapter 6 proposes a novel sol-gel route for the synthesis of zinc orthotitanate, while
discussing the stages of crystallisation of the various zinc titanate polymorphs and how
different molar ratios favour different crystalline phases.

Chapter 7 provides some suggestions for future work based on the materials
synthesised throughout the thesis and the direction of current interest within our group.
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2 Experimental Procedures and
Characterisation Techniques
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2.1

Chemicals Used

Titanium tetraisopropoxide (97%), zinc acetate dihydrate (98 %), formic acid (98%),
acetic acid (99.7%), oxalic acid dehydrate (98.5%), silver nitrate (99%) and aluminium
nitrate nonahydrate (98%) were purchased from Sigma-Aldrich, ethanol (99.5%) was
purchased from VWR international, 1, 3-diaminopropane was purchased from Fluka
Chemika and methylene blue was purchased from Gurr company. All chemicals were
used as received. Deionised water purified by a Millipore simplicity, water purification
system was used in all experiments.

2.2
2.2.1

Synthesis of Nanomaterials
Synthesis of titanium dioxide

Titanium tetraisopropoxide (TTIP) was added to different amounts of formic acid (FA)
under stirring (table 2.1). This resulted in a vigorous exothermic reaction producing a
paste-like suspension. Water was then added in varying ratios to give total volumes in
the range 10 – 50 mL. The molar ratios of TTIP:FA:H2O were varied throughout the
experiment.
After the addition of water, a white precipitate formed which was allowed to stir for two
hours before being filtered, washed with deionised water and dried in air at 100 °C for
10 hr. Each powder was crushed into a fine white powder then calcined in air at
temperatures ranging from 300 – 1000 °C for two hours at a ramp rate of 5 °C/min. A
control sample was prepared without formic acid and labelled Fcontrol.
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Table 2.1. Molar ratios of TTIP:FA:H2O

Sample Name

TTIP

Formic Acid

H2O

F2W4

1

2

4

F2W8

1

2

8

F2W10

1

2

10

F2W40

1

2

40

F2W80

1

2

80

F2W100

1

2

100

F4W4

1

4

4

F4W8

1

4

8

F4W10

1

4

10

F4W40

1

4

40

F4W80

1

4

80

F4W100

1

4

100

F10W4

1

10

4

F10W8

1

10

8

F10W10

1

10

10

F10W40

1

10

40

F10W80

1

10

80

F10W100

1

10

100

2.2.2

Silver modified TiO2

The method described above was used to synthesise silver modified TiO2. The chosen
TTIP:FA:H2O ratio was 1:4:4 and varying amounts of silver nitrate were used to give 1,
3 and 5 mol % silver (0.102, 0.308 and 0.514 g respectively). The silver was introduced
to the mixture by dissolving silver nitrate powder into the water immediately before
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adding it to the titanium tetraisopropoxide-formic acid paste. The resulting powders
were filtered, washed and dried in air at 100 °C for 10 hr, samples were labelled 0 %
Ag-TiO2, 1 % Ag-TiO2, 3 % Ag-TiO2 and 5 % Ag-TiO2. The dried powders were then
calcined at temperatures ranging from 300 – 1000 °C for two hours at a ramp rate of 5
°C/min. A control sample containing no silver was also prepared.

2.3

Ag, Al, N, S and co-doped (Al, N), (Al, S), (Al, N, S) and (Ag, Al, N, S)
titania

2.3.1

Al-modified TiO2

Titanium tetraisopropoxide (25 mL) was added to glacial acetic acid (48 mL) under
stirring. After an initial exothermic reaction, a clear, yellow, titanium-acetate solution
was formed. Water (151 mL) was then added, resulting in a solid gel which was
dissolved upon stirring to give a clear titanium tetraisopropoxide-acetate solution. The
final ratio was TTIP:HOAc:H2O, 1:10:100. Aluminium nitrate (AlNO3) 1, 3, 5 and 10 mol
% Al (0.31, 0.95, 1.57 and 3.15 g respectively) was dissolved in water before the water
was added to the sol. This incorporated aluminium into the solution. The solution was
then allowed to stir for two hours before being aged in air at 100 ° C for 10 hr. The
resulting substance was crushed with a mortar and pestle to give a fine, white powder
which was calcined at temperatures ranging from 300 – 1000 °C for two hours at a
ramp rate of 5 °C/min. A control solution was prepared in the same manner but without
the use of AlNO3.
2.3.2

Synthesis of N-doped TiO2

Titanium tetraisopropoxide (10 mL) was added to varying amounts of 1, 3diaminopropane (DAP) under stirring resulting in the formation of a white liquid-gel
substance. Water (59.4 mL) was added to the gel to give a white paste. The paste
suspension was allowed to stir for two hours before the liquid was filtered off leaving a
white powder which was then dried in air at 100 °C for 24 hr. The dried powder was
ground into a fine, white powder with mortar and pestle before being calcined at
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temperatures ranging from 300 – 1000 °C for two hours at a ramp rate of 5 °C/min.
Final TTIP:DAP ratios were 1:0.5 and 1:4 (1.39 and 10.7 mL DAP respectively).
2.3.3

Synthesis of Al, N co-doped TiO2

Titanium tetraisopropoxide (10 mL) was added to varying amounts of 1, 3
diaminopropane (DAP) under stirring resulting in the formation of a white liquid-gel
substance. In a separate beaker, aluminium nitrate (1 mol %, 0.31 g) was dissolved in
water (59.4 mL). The aluminium nitrate solution was added to the titanium-nitrogen gel
precipitate. Final TTIP:DAP ratios were 1:0.5 and 1:4 relating to 1.39 and 10.7 mL DAP
respectively and all suspensions contained 1 mol % Al. The white precipitate was then
separated from the liquid by vacuum filtration. The resulting white solid was dried in air
at 100 °C for 24 hr. The dried powder was ground to a fine powder with a mortar and
pestle and calcined at 400, 500, 600, 700, 800, 900 and 1000 °C at a ramp rate of 5
°C/min.
2.3.4

Synthesis of Ag, N-TiO2

1, 3-diaminopropane (1.39 mL) was allowed to stir in a beaker. TTIP (10 mL) was
slowly added. The resulting suspension was allowed to stir for 1 min before water (59.4
mL) containing dissolved AgNO3 (0.17 g) was added. This resulted in a suspension
with a molar ratio of 1:0.5:100, TTIP:DAP:H2O and containing 3 mol % Ag. The
suspension was allowed to stir for 2 hr before being filtered, washed with DI water and
dried in air at 100 °C for 48 hours. The step was repeated using 10.7 mL DAP to give a
molar ratio of 1:4:100, TTIP:DAP:H2O and containing 3 mol % Ag. All samples were
crushed into a fine powder and calcined at 400, 500, 600, 700, 800, 900 and 1000 °C
at a ramp rate of 5 °C/min.
2.3.5

Synthesis of Al, S-doped TiO2

Dimethylsulfoxide (DMSO, 2.34 mL) was stirred in a beaker, TTIP (10 mL) was added.
The suspension was allowed to stir for 1 min. AlNO3 (0.12 g) was dissolved in water
(59.4 mL) and added to the suspension to give molar ratio of TTIP:DMSO:H2O, 1:1:100
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with 1 mol % Al. It was left to stir for 2 hr before being filtered and dried in air at 100 °C
for 48 hr. The resulting white powder was crushed into a fine powder and calcined at
400, 500, 600, 700, 800, 900 and 1000 °C at a ramp rate of 5 °C/min. This was
repeated to give TTIP:DMSO:H2O, 1:16:100 by using 37.5 mL DMSO.
Sodium thiosulfate was chosen as second sulfur source to achieve S-doped TiO2.
Sodium thiosulfate (5.21 g) was dissolved in water (59. 4 mL) and added to titanium
tetraisopropoxide (10.0 mL) under stirring. This resulted in a white suspension with a
Ti:S molar ratio of 1:1. A Ti:S molar ratio of 1:4 was also synthesised by dissolving
20.84 g of sodium thiosulfate in water. The suspension was allowed to stir for two
hours. The white precipitate was then separated from the liquid by vacuum filtration
and was washed several times with deionised water to remove any remaining ions. The
resulting white solid was dried in air at 100 °C for 24 hr. The dried powder was ground
to a fine powder with a mortar and pestle before being calcined at 400, 500, 600, 700,
800, 900 and 1000 °C at a ramp rate of 5 °C/min.
2.3.6

Synthesis of Ag, N, S co-doped TiO2

Titanium dioxide powder with 3 mol % Ag, and Ti:N:S molar ratios of 1:0.5:4 was
synthesised as follows. Silver nitrate (0.168 g) and sodium thiosulfate (20.87 g) was
dissolved in water. In a separate beaker, titanium tetraisopropxide (10.0 mL) was
added to 1, 3-diaminopropane (1.39 mL) under stirring to give a white paste. The
Ag+/Na+ aqueous solution was immediately added to the white titanium paste. The
milky white suspension was allowed to stir for two hours before filtering off the white
solid. The filtrate was washed with deionised water and dried in air at 100 °C for 24 hr.
The dried powder was crushed with a mortar and pestle and calcined at temperatures
from 300 – 1000 °C.
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2.4

Synthesis of Zinc Titanates

A variety of zinc titanate powders were synthesised. The powders can be separated
into two subsets. In one subset, the titanium precursor is in excess over the zinc
precursor and in the other, the zinc precursor is in excess over the titanium precursor.
2.4.1

Excess titanium precursor

Zinc acetate (2.29 g) was dissolved in ethanol (EtOH, 125 mL) at 60 °C, oxalic acid
(3.15 g) dissolved in ethanol (50 mL) was added slowly to the zinc acetate solution
under stirring at 60 °C, giving a white, cloudy, zinc oxalate suspension. Titanium
isopropoxide (TTIP, 14.80 mL) was then added to the cloudy zinc oxalate suspension
followed by water (90 mL), resulting in a molar ratio of Ti:Zn, 4:1. The suspension was
stirred for 2 hr before being aged in an oven in air at 100 °C for 48 hr, allowing the
excess solvent to evaporate. The resulting white xerogel was then calcined at 400,
500, 600, 700, 800, 900 and 1000 °C for 2 hr at a ramp rate of 5 °C/min. Three
different Ti/Zn powders (table 2.2) were synthesised to give ratios of Ti:Zn, 4:1, 4:2 and
4:3 and the samples were labelled TZ-4:1, TZ-4:2 and TZ-4:3 respectively.
Table 2.2. Amounts used for excess titanium samples
ZnAcOH
Sample

EtOH

Oxalic

H2O

EtOH
TTIP (mL)

Ti:Zn
(g)

(mL)

Acid (g)

(mL)

(mL)

TZ-4:1

0.05:0.0125

2.29

125

3.15

50

14.80

90

TZ-4:2

0.05:0.0250

4.59

250

6.30

100

14.80

90

TZ-4:3

0.05:0.0375

6.88

375

9.45

150

14.80

90
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2.4.2

Excess zinc precursor

Samples with excess zinc over titanium were prepared as shown previously with the
amounts used shown in table 2.3.
Table 2.3. Amounts used for excess zinc samples
Oxalic
ZnAcOH
Sample

EtOH

EtOH

TTIP

H2O

(mL)

(mL)

(mL)

Acid

Ti:Zn
(g)

(mL)
(g)

TZ-1:4

0.0125:0.05

9.17

500

12.60

200

3.70

22.50

TZ-2:4

0.0250:0.05

9.17

500

12.60

200

7.40

45.00

TZ-3:4

0.0375:0.05

9.17

500

12.60

200

11.10

67.50

2.5
2.5.1

Photocatalytic Studies
Metylene blue degradation

Photocatalytic studies were carried out on selected powders. The photocatalytic activity
of the materials was investigated by degrading an organic pollutant (methylene blue).
Methylene blue is one of the generally accepted organic pollutants for degradation
studies and is used as an industrial standard (Japanese standard, JIS R 1703-2:2007).
The standard protocol in our laboratory is as follows; in a typical experiment, TiO2
powder (60 mg) was added to methylene blue (50 mL, 10-5 M). The suspension was
allowed to stir in the dark for 30 min to obtain adsorption-desorption equilibrium,
eliminating any error caused by initial adsorption. An initial 5 mL aliquot was then
removed. The suspension (under continuous stirring) was then irradiated by light in a
Q-sun Xenon solar simulation chamber (0.68 W/m2 at 340 nm). Aliquots (5 mL) were
removed at timed intervals and the visible absorption spectra were recorded using a
Perkin-Elmer Lambda 900 UV-vis spectrometer.
The rate of degradation was found to obey (pseudo) first order kinetics and hence the
rate constant for degradation, k, was obtained from the first-order plot of kinetic
analysis according to equation 2.1.
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A 
ln 0   kt
 A

Equation 2.1

where, A0 is the initial absorbance, A is the absorbance after a time (t) of the methylene
blue dye degradation, and k is the psuedo first order rate constant (min-1). The rate
constant, k can be derived from a plot of ln(A0/A) versus time. All photocatalytic
degradation experiments were carried out twice, and an average error of ± 10% was
calculated.

2.6

Characterisation Techniques

2.6.1

X-ray diffraction (XRD)

X-ray diffraction is a non-destructive technique that reveals the crystal structure of the
material under analysis. XRD was used to determine the crystalline phase of all
synthesised materials. Fine powdered samples were spread onto a glass slide using
double sided sticky tape and X-ray diffractograms were collected using a Siemens D
500 X-ray diffractometer, with a diffraction angle range 2Θ = 20–80° using Cu Kα
radiation. From the resulting diffractogram the crystallite size (T, nm) was estimated
using the Scherrer equation (equation 2.2).197

T

0.9
 cos

Equation 2.2

where λ is the X-ray wavelength (1.54 Å), Θ is the Bragg angle of the peak of interest
(peaks of interest are located at 2Θ = 25.2° for anatase (101) and 2Θ = 27.4° for rutile
(110)) and β is the line broadening measured from the increased peak width at half
height through a Gaussian fit obtained from Origin plotting software.
The mass fraction of rutile (XR) was determined by the Spurr equation (equation 2.3).198

XR 

1
1  0.8I A 101 / I R 110

Equation 2.3

where IA is the intensity of the 101 peak and IR is the intensity of the 110 peak.
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2.6.2

Fourier transform infrared spectroscopy (FTIR)

Infrared radiation interacts with chemical bonds to cause stretches, bends and various
other atomic vibrations. For a vibration to give rise to absorption of infrared radiation, it
must cause a change in the dipole moment of the molecule. The larger this change the
more intense the absorption band will be.
All IR spectra were recorded using a Perkin-Elmer GX FTIR. Samples were recorded
as a KBr disc (1:10, sample/KBr), using 16 scans per sample at a resolution of 4 cm-1
over the range 4000 – 400 cm-1.
2.6.3

Raman spectroscopy

IR absorption is caused by infrared light causing a change in the dipole moment of a
molecule. Raman spectroscopy, although similar to IR (both measure the vibrational
energies of molecules) does not cause a change in the dipole moment of a molecule.
For a vibration to be Raman active, the polarisability of the molecule must change with
the vibrational mode. All Raman spectra were collected with an ISA Labram using an
argon ion laser (514.5 nm) as excitation source. Typically, a small amount of powdered
sample was mounted on a glass slide using a spatula tip. Using the attached
microscope and camera, the instrument was focused on the powder sample through
the objective lens (x10). One scan was recorded with a detector exposure time of 1
sec.
2.6.4

UV-visible absorption spectrometry (UV-vis)

A Perkin-Elmer Lambda 900 UV–vis spectrometer was used to record absorption
spectra of the organic dyes under investigation for photo-degradation studies. Spectra
were recorded in the region 500 – 750 nm. The absorption at maximum wavelength
(λmax) of methylene blue (660 nm) was used to calculate degradation rates as a
function of irradiation time.

48

2.6.5

UV-vis diffuse reflectance

Diffuse reflectance spectra were recorded on a Perkin-Elmer Lambda 900 UV–vis
spectrometer. Sample preparation involved mixing the powdered sample with KBr
(1:20) and pressing into a pellet of uniform thickness. From the resulting diffuse
reflectance spectra, the band gap of the semi-conductor sample could be recorded by
placing the pellet into the reflection sphere where it reflects light directly from the
source.
2.6.6

Differential scanning calorimetry (DSC)

Approximately 5 mg of sample was placed into an aluminium sample pan for DSC
using an empty aluminium pan as a reference. All DSC were recorded on a Shimadzu
DSC-60 between 25 °C and 600 °C at the default ramp rate of 20 °C/min. The
instrument measures the difference in heat flow between the sample and the reference
material. A graph of heat flow versus temperature was plotted to show the exothermic
and endothermic events associated with the material.
2.6.7

Field emission scanning electron microscopy (FESEM)

Electron micrograph images were taken on a Hitachi SU 70 FESEM with a Schottky
electron gun. Measurements were carried out at an accelerating voltage range of 5 –
15 kV. Powdered samples were evenly distributed on a mounted carbon tape surface.
Loose powdered sample was removed with canned air spray.
The field emission scanning electron microscope (FESEM) is a type of electron
microscope that images the sample surface by scanning it with a high-energy beam of
electrons in a raster scan pattern. The electrons interact with the shells in atoms that
make up the sample producing signals that contain information about the sample's
surface topography, composition and other properties such as electrical conductivity.
The types of signals produced by an SEM include secondary electrons (SE), backscattered

electrons

(BSE),

characteristic

X-rays,

light

(cathodoluminescence),

specimen current and transmitted electrons (STEM). Generally the most common or
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standard detection mode is SE imaging. The spot size in a Field Emission SEM is
smaller than in conventional SEM and can therefore produce very high-resolution
images, revealing details in the range of 1 to 5 nm in size.
2.6.8

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo VG Scientific
(East Grinstead, UK) Sigma Probe spectrometer by Dr. S. J. Hinder of the University of
Surrey. The instrument operates as 140 W employing a monochromated Al Kα X-ray
source (hv = 1486.6 eV). The analysis area was ~ 500 μm in diameter. For survey
spectra, a pass energy of 100 eV and a 0.4 eV step size was used. Charge
compensation was achieved using a low energy electron flood gun. Quantitative
surface chemical analyses were calculated from the high resolution core level spectra,
following the removal of a non-linear Shirley background. The manufacturer’s Avantage
software was used to plot results. The software incorporates the appropriate sensitivity
factors and corrects for the electron energy analyser transmission function.
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3 Formation of Titanium Formate
Complexes; a Spectroscopic Study
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3.1

Introduction

In this chapter an alternative chemical modifier, formic acid is employed as a chelating
agent for the synthesis of titanium dioxide using titanium isopropoxide. Formic acid was
chosen because it is the simplest carboxylate species and because of its similar
structural properties to acetic acid. Initially it was assumed that titanium dioxide may be
synthesised with formic acid in a similar manner to that of acetic acid and as such it
was decided that the same synthesis route will be employed but with varying ratios of
precursor:formic acid:water. In order to synthesise anatase TiO2 that is stable at higher
temperatures than existing materials it is necessary to have a greater understanding of
the reaction dynamics and how the early stages of the reaction conditions may affect
the eventual crystalline behaviour of the material. The chapter results are divided into
two sections, firstly the influence of increasing amounts of water on the sol-gel
synthesis is investigated and secondly the effect of the chelating agent is examined.
Sol-gel synthesis of TiO2 is regarded as a relatively straight forward synthesis
technique and is thus of great interest and use to researchers.172 Titanium alkoxides
are readily hydrolysed by water due to their susceptibility to nucleophilic attack.199
Rates of hydrolysis and condensation may be controlled by using organic chelating
agents such as acetyl acetone,200 alkanolamines,201 diols202 and acetic acid203 to
replace alkoxide groups on the central metal atom. This stability improves control over
the reaction conditions.204 Suresh et al concluded that the pH of the precursor
influences the chelation effect of acetic acid and that the extent of chelation of the
acetate group decreases with an increase in pH causing weakened gel structures
resulting in decreased anatase to rutile transformation temperatures.48
Previous work studying anatase to rutile transformation (ART) temperatures has been
carried out grouping our laboratories where acetic acid was chelated to the titanium
alkoxide precursor.205 It is widely accepted that acetic acid forms a bridging complex to
titanium alkoxides.172,206,207 Titanium dioxide sol gel materials synthesised using
titanium alkoxides (without chemical additives), typically transform from anatase to
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rutile at ~600 °C. In order to determine whether varying ratios of a chelating species
alters the ART temperature, the simplest carboxylic acid – formic acid – and titanium
isopropoxide in various ratios were used to synthesise a wide range of TiO2 powders.
The formate carboxylate group was chosen because of its versatile coordination
behaviour.208 The carboxylate coordinations include: ionic, monodentate, bidentate
chelating and bridging.208 From FTIR and Raman spectroscopy, the role of the
chelating agent in the synthesis was examined. Ivanda et al carried out spectroscopic
studies on powders synthesised from an esterfication reaction to find bridging of
various carboxylates. However, the paper focused mainly on particle size as opposed
to relating oligomeric structure and ART temperatures.209
FTIR and Raman spectroscopy can be used to determine the mode of the carboxylate
binding (figure 3.1). The frequency of the asymmetric carboxylate vibration in the IR
spectra, vas(COO-), and the magnitude of the separation between the carboxylate
stretches, Δ = vas(COO-) - vs(COO-), are often used as spectroscopic criteria to
determine the mode of the carboxylate binding.208
Generally the following order is proposed for divalent metal carboxylates:
Δ (chelating) < Δ (bridging) < Δ (ionic) < Δ (monodentate)208
Δ ionic is reported as 160 – 170 cm-1 for acetates and 200 – 210 cm-1 for formates.210
In the monodentate coordination electron density redistribution occurs and the shift of
vas(COO-) to higher wavenumbers is observed in comparison with the ionic group,
increasing the value of Δ. The chelating coordination, however, shifts the position of the
asymmetric carboxylate stretch to lower wavenumbers in comparison with the ionic
group and thus lowers the value of Δ. In the bridging coordination, one divalent metal
cation is bound to one of the oxygen atoms of the COO- group and another divalent
metal cation to the other oxygen, the asymmetric stretch is located at the same position
as that of the ionic group.208,211 The range 200 – 210 cm-1 was derived for ionic
formates and in general the comparison of the Δ value of the respective complex with
the Δ value of the sodium salt should be used for the assignment following the
guidelines: (i) bidentate chelating coordination: Δ(COO-)studied complex << Δ(COO-)sodium salt;
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(ii) bidentate bridging carboxylate: Δ(COO-)studied

complex

≤ Δ(COO-)sodium

salt;

(iii)

monodentate coordination: Δ(COO-)studied complex >> Δ(COO-)sodium salt.208,210,212-215
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Figure 3.1. Modes of carboxylate binding

The carboxylate functional group (figure 3.2) has four lone pairs of electrons available
for coordination to a metal. These lone pairs subtend to an angle of 120 ° and are
referred to as the syn and anti-lone pairs. On the basis of stereoelectronic arguments it
has been suggested that the syn-lone pairs are more basic than those in the anti
position.216
anti
O
H

C

syn
O

anti
Figure 3.2. The Carboxylate Functional Group
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Ti

From FTIR and Raman spectroscopy, the role of the chelating agent in the synthesis is
examined. These are practical, efficient and useful techniques for gaining information
on modes of binding. In order to understand why anatase transforms to rutile at
different temperatures these spectroscopic techniques were employed to investigate
how the formate group binds to the titanium. Anatase and rutile percentages and
transformation temperatures are examined using XRD.
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3.2

Results and Discussion

In order to investigate the influence of chelation on anatase to rutile transition, the
effect of various concentrations of water and formic acid on the titania precursor were
investigated.
3.2.1

Effect of water

3.2.1.1 X-ray diffraction
XRD was employed to determine the phase analysis of each powder calcined at
increasing temperatures. The percentage of anatase in the calcined sample is shown in
figure 3.3. All samples were 100 % anatase at temperatures 300 – 500 °C. From figure
3.3 it is apparent that for each series of powders (F2W4 – F2W100, F4W4 – F4W100 and
F10W4 – F10W100) where the TTIP:FA ratio remains constant, that the increase in water
promotes the formation of rutile. For the powders F2W4 – F2W100, F2W4 has the lowest
water ratio and it is the only powder with anatase at 700 °C, but the remaining powders
have all underwent complete phase transformation to a more thermodynamically stable
rutile.
The formic acid ratio was increased for powders F4W4 – F4W100 causing improved
chelation. This is reflected throughout the 6 powders as most retain anatase at 700 °C.
Anatase is predominant for F4W4 at 700 °C (86 %) (figure 3.4) but the increase in water
along the series causes increased rutile formation for the remaining powders. At 800
°C anatase is still dominant for the powder F4W4 (61 %) and is even present in F4W8 (5
%), however, the other powders in the series are rutile.
From these results it is clear that an increase in the amount of water used for
hydrolysis has an adverse effect on ART temperatures resulting in the lowering of the
anatase to rutile transformation. This increase in water reduces the acidity of the sol
resulting in a decrease in the chelation effect of the formate group.206,213,214,224 This
decrease in chelation results in a weakened gel network and consequently a lowering
of ART temperature was observed.217 Sahni et al reported that increasing water content
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causes increased hydrolysis which results in the formation of larger particles that
thermodynamically favour phase transformation to rutile.218
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Figure 3.3. Percentage of anatase in the calcined TiO2 samples, determined by XRD for
materials heated to different temperatures (a) F2W4 – F2W100, (b) F4W4 – F4W100, (c) F10W4 –
F10W100 (refer to P40 for table)

For powders F10W4 – F10W100, the sample with the lowest water ratio, F10W4, is one of
only two samples where anatase is present at 800 °C. The other is F10W40 and the
reason why anatase is present in F10W40 is unclear as it has an increased amount of
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water whereas powders F10W8, F10W10, F10W80 and F10W100 follow the theory that
increased amounts of water cause a reduction in ART temperatures.
From figure 3.3, F4W4 was found to maintain anatase at temperatures as high as 900
°C. All powders synthesised (except F10W40) showed that as water ratio is increased
rutile forms at lower temperatures.
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Figure 3.4. XRD of Fcontrol and F4W4 at 700 °C, A – anatase, R - rutile

As the carboxylate group may coordinate to Ti in a number of different arrangements
199,206-208,210,219

spectroscopic (Raman and IR) studies were carried out on all pre-

calcined samples in order to determine if an increase in water influences the way that
the carboxylate group binds to Ti, which in turn affects the anatase to rutile
transformation temperature.
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3.2.1.2 Infrared spectroscopy
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Figure 3.5. IR spectra of TiO2 precursor powders (a): F2W4 & (b): F2W8, where * =
vasym(COO-) and ‡ = vsym(COO-)

Figure 3.5 shows the IR spectra of powdered samples F2W4 and F2W8 (F2W8 – F2W100
give near identical spectra). At ~450 cm-1 there is a broad peak due to the formation of
Ti – O bonds. Peaks at 1350 and 1550 cm-1 represent v(COO-)sym and v(COO-)asym
respectively. Zalenak et al determined the mode of bonding of the carboxylate group to
the metal atom by calculating Δ, where Δ = vas(COO-) - vs(COO-).208 From the spectra
obtained for F2W4 and F2W8 (Figure 4), Δ = ~ 200 cm-1. This value is consistent with the
literature value for ionic formate (HCOO-) = ~201 cm-1.210
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Figure 3.6. Bidentate bridging modes of the formate group and TTIP, (a): syn-syn and (b):
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As has been reported elsewhere; the bidentate bridging carboxylate exists when
Δ(COO-)formate complex ≤ Δ(COO-)sodium salt.210,212-215 Therefore it is proposed that the formate
group binds to the Ti centre in bidentate bridging mode such as syn-syn or syn-anti
(Figure 3.6).
It has been reported that metal alkoxo-acetates are formed by the reaction of acetic
acid (HOAc) with metal alkoxide, in which OPri (OR) groups on the central titanium
atom are preferentially hydrolysed, whereas bridging acetate ligands remain bonded to
titanium throughout much of the condensation process (Figure 3.7).172,207
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Figure 3.7. Bridging acetate ligands attached to TTIP
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Since the bridging acetate ligands are not hydrolysed, the chelated ligands effectively
alter the condensation pathway toward promoting the formation of linear polymers
composed of edge sharing octahedra.207,220 The addition of excess water destabilises
the system by altering the highly cross-linked network structure. The gels having
polymeric chains with little branching and cross-linking, and also a smaller void region,
are structurally weak and thus collapse rapidly on calcination forming rutile at lower
temperatures.217
This can clearly be seen from both the rutile percentage results (Figure 3.3) and also
from the IR spectra (Figure 3.8) where bands corresponding to the chelated formate
group become weaker. From the IR spectra of samples F4W4 – F4W10 (Figure 3.8), it
can be seen that there is a strong OH peak at ~2800 – 3500 cm-1. As the ratio of water
is increased in each series (F2W4 – F2W100, F4W4 – F4W100, F10W4 – F10W100), the
intensity of both v sym(COO) and v asym(COO) decrease in relation to both the Ti – O and
the OH peaks. F4W4 shows the strongest COO stretches and the weakest Ti – O and
OH signal when compared with the other samples. It is believed that this is due to an
increase in the molar ratio of water which alters the pH of the system as well as
increasing hydrolysis and weakening the gel network.48 This, as has been reported
previously, weakens the chelation of the carboxylate group, which will cause weakened
COO stretches, facilitating increased hydrolysis, therefore increasing OH stretches and
causing a reduction in the anatase to rutile transformation temperature.48,217,218
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Figure 3.8. IR spectra of TiO2 precursor powders (a): F4W4, (b): F4W8 and (c): F4W10, where
* = vasym(COO-) and ‡ = vsym(COO-)

The IR spectra (Fig 3.5 and Fig 3.8) show that for samples F2W8 and F4W10 two
asymmetric (1600 and 1550 cm-1) and two symmetric (1382 and 1340 cm-1)
carboxylate stretches were observed. For sample F4W4 one asymmetric (1550 cm-1)
and one symmetric (1362 cm-1) carboxylate stretch were observed in the IR spectra.
The spectra of sample F4W8 showed that secondary asymmetric and symmetric
stretches were beginning to form. The presence of two carboxylate stretches indicates
the presence of two different modes of carboxylate binding.208 The frequency of
asymmetric and symmetric vibrations depends on the electronic charge density of C –
O bonds and C – O bond lengths, the higher is the frequency of the asymmetric
vibration and the lower is the frequency of the symmetric vibration. Hence for
compounds F2W4, F4W4, F4W8 and F10W40 the asymmetric vibration at 1550 cm-1
appertains to the symmetric vibration at 1350 cm-1. Similarly the stretches at 1600 and
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1380 cm-1 are related. The respective experimental values are, Δexp = ~210 cm-1 for
samples F2W4, F4W4 and F4W10, and Δexp = ~220 cm-1 for the remaining samples. Both
Δexp values are similar and indicate the bridging chelation. However, the formation of
secondary peaks indicates a different binding mode. As stated above the carboxylate
functional group has two lone pairs of electrons on each oxygen atom available for
binding, the syn-lone pair and the anti-lone pair. It has been suggested that the synlone pair is more basic than those in the anti position.216 It may be possible that a synanti (Figure 3.6b) mode of binding occurs when the water ratio is increased due to the
altering pH and the increased hydrolysis of the system. This would explain the
appearance of secondary peaks in the IR spectra.
Zelenak et al observed singlet peaks for both the vas and vs (COO-) stretches for
bridging complexes that follow syn-syn binding and they observed doublet peaks at
similar wavenumbers for syn-anti binding with zinc carboxylate complexes,208 while
Ishioka et al reported similar values of separation for syn-anti bridge in zinc (II)
acetate.221 The result of syn-anti bridging may produce a polymeric network with little
branching and cross linking that is structurally weak, therefore, forming rutile at lower
calcination temperatures than that of a typical syn-syn mode of bidentate bridging.
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3.2.1.3 Raman spectroscopy
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Figure 3.9. Raman spectra of TiO2 precursor powders of F4W4 – F4W10

Raman spectroscopy was employed as a secondary technique to IR in order to confirm
the above results.
Figure 3.9 shows the Raman spectra of the pre-calcined TiO2 powders. Although the
powders have not been calcined, the Raman spectra display clear signs of the anatase
phase four-peak pattern with peaks at 160, 405, 515 and 635 cm-1 for powders F4W10 –
F4W100. However, for the powders F4W4 and F4W8 (like with IR spectra) the appearance
of a peak at ~290 cm-1 indicates that the Ti – O structure is different than the other
samples and contains a pattern similar to that of an anatase/rutile mixture. The
formation of rutile like structures during the course of crystallisation of titania
hydrolysate into anatase has been confirmed by several research groups.222-224 It has
been suggested that the structures which provide the anatase and rutile Raman
spectral patterns disappear just before the crystallisation into anatase.224 It is apparent
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that the presence of the anatase/rutile like structure for samples F4W4 and F4W8 cause
an increase in the ART temperature. From Figure 3.9 it can also be seen that the
presence of intense peaks at 1393, 1580, 2890 and 2980 cm-1 are only present in
samples F4W4 and F4W8. In order to investigate further, all Raman spectra were
repeated but scans were only carried out in the region 800 – 4000 cm-1 (the organic
region) to further confirm binding modes of the formate group.
Figure 3.9 (inset) shows the Raman spectra of the formate group binding with the
titanium. Peaks from ~2800 – 3500 cm-1 are due to OH stretches.210 As seen with the
IR spectra the intensity of the OH peak increases in comparison with the COOstretches (1392 and 1567 cm-1) in F4W4 and F4W8 when compared with F4W10 – F4W100.
The appearance of secondary peaks also appears beside the main COO- peaks (1392
and 1567 cm-1) at 1370 and 1720 cm-1. The peak at 1567 cm-1 is also shifted to a
higher energy. The formation of secondary peaks in the Raman spectra are for the
same samples as those of the IR which again indicates the presence of an alternative
mode of binding such as syn-anti as was proposed previously (Figure 3.6b).
3.2.2

Effect of chelating agent

Sample Fcontrol was synthesised using water only to determine what effect formic acid
had on the structure of the Ti – O network both before and after calcination.
3.2.2.1

X-ray diffraction

Without the presence of a chelating agent (Fcontrol), rutile begins to form at a
temperature as low as 600 °C (20%) and total transformation has occurred at 700 °C.
Samples F2W10, F2W40, F2W80 and F2W100 have a higher rutile content at 600 °C. This
may be due to the chelating agent having an adverse effect on the initial TiO2 structure
whereby a syn-anti bridging mode is dominant throughout the structure thus forming a
structure without cross linking that upon calcination, forms a larger percentage of rutile
at 600 °C.
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3.2.2.2 Infrared spectroscopy
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Figure 3.10. IR spectrum of TiO2 precursor powders (a): Fcontrol and (b): F4W4, where * =
vasym(COO-) and ‡ = vsym(COO-)

In figure 3.10 there is an OH stretch (2800 – 3600 cm-1), a Ti-O stretch (400 – 1000 cm) and also a signal at 1610 cm-1 due to the bending vibrations of adsorbed water.

1

There is a clear difference in the IR spectra of Fcontrol and F4W4. This was expected and
is due to the carboxylate group – Ti bridging structure. Also in the region 400 – 1000
cm-1, F4W4 gives more defined peaks as opposed to the broad peak given by Fcontrol.
This is due to a more ordered Ti – O framework.199,204,209
3.2.2.3 Raman spectroscopy
The Raman spectrum of Fcontrol gives no peaks of distinction. This indicates that without
the presence of formic acid, Ti – O atoms randomly arrange as opposed to the more
ordered structure shown in figure 3.9 where formic acid was employed as a chelating
agent. Comparing the Raman spectra of Fcontrol with figure 3.9, where the samples were
chelated, it becomes clear that the presence of the formic acid as a chelating agent
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enables the metal – oxygen atoms to form a defined, crystalline like structure which is
apparent in figure 3.9 (0 – 1000 cm-1).
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Figure 3.11. Raman spectra of Fcontrol

The Raman spectra of Fcontrol (figure 3.11), as expected also lacks the presence of the
bridging peaks present in figure 3.9 at 1390 and 1570 cm-1. It is the presence of this C
– O – Ti bridge that allows a controlled arrangement of the Ti – O atoms. Without the
bridge there is uncontrolled hydrolysis leading to a random arrangement of Ti – O
atoms. The Raman spectra of Fcontrol compares favourably to the IR spectrum of the
same sample shown in figure 3.10.
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3.2.3

Photocatalytic studies

Photocatalytic studies were carried out on selected powders (Fcontrol, F2W4, F4W4 and
F10W4) at calcination temperatures (600, 700 and 800 °C) and were compared with the
commercial photocatalyst, Degussa P25. Powder F4W4 calcined at 700 °C was found
to be the most photocatalytically active (figure 3.12). The methylene blue was
completely degraded after 6 minutes.
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Figure 3.12. Photocatalytic degradation of methylene blue with F4W4 (700 °C), R2 = 0.9981

Improved photocatalytic activity has been previously found with anatase/rutile
interactions, due to enhanced electron – hole seperation.225-227 A mixture of both
phases has given rise to the most efficient photocatalyst out of the powders
synthesised. It has been suggested that an intimate contact between anatase and rutile
phases may enhance the separation of photogenerated electrons and holes resulting in
excellent photocatalytic efficiency.228 It is believed that the anatase/rutile mixture
present in Degussa P25 is one of the reasons why it is the one of the most investigated
photocatalysts.227 First order degradation plots of powders Fcontrol, F2W4, F4W4 (figure
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3.11 inset) and F10W4 at calcination temperatures 600, 700 and 800 °C were used to
calculate the reaction rate constant, k (min-1) (table 3.1).
Table 3.1. Reaction rate constants (±0.01, k/min-1) for the degradation of methylene blue

Sample

600 °C

700 °C

800 °C

Fcontrol

0.12

0.12

0.05

F2W4

0.17

0.20

0.17

F4W4

0.13

0.45

0.38

F10W4

0.26

0.13

0.08

Sample F4W4 calcined at 700 °C had the largest rate constant at 0.45 min-1, the rate
constant for Degussa P25 was found to be 0.29 min-1 for the same reaction conditions.
Sample F4W4 calcined at 700 °C consists of 87 % anatase and 13 % rutile to give an
ideal mixture for photocatalytic efficiency for the degradation of methylene blue as a
model pollutant. Sample F2W4 has an identical anatase/rutile mixture at 600 °C but is
not as photoactive as F4W4. At 700 °C F2W4 consists of mainly rutile (72 %) which
results in a reduction of photocatalytic activity. At 600 and 800 °C, F4W4 has 0 and 32
% rutile respectively. This reduces the photocatalytic activity of F4W4. Fcontrol, the
sample prepared without any chelating agent was the poorest photocatalyic performer,
even at 600 °C where it consisted of an anatase/rutile mixture (90/10 %), giving a
reaction rate of 0.12 min-1. As shown through IR and Raman spectroscopy, the
absence of a chelating agent causes complete disorder among the Ti – O bonds upon
hydrolysis resulting in an unorganised network of TiO2 particles when compared with
those where a chelating agent was present. F10W4 consisted of 77 % rutile at 600 °C
and 95 % rutile at 700 °C. As reported previously225-228 a mixture of anatase and rutile
has greater photoactivity than either phase alone.
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3.2.4

FESEM

FESEM microscopy was used in order to determine the shape and morphology of the
calcined materials.

Figure 3.13. FESEM image of F10W4 calcined at 700 °C

From the image shown in figure 3.13 it is clear that the particles are highly
agglomerated and no definite shape or morphology can be seen.

70

Figure 3.14. FESEM image of F10W4 calcined at 700 °C

Higher magnification images of the sample (figure 3.14) clearly show the presence of
individual particles grouping up to form large agglomerated, rugged structures. From
the image shown in figure 3.14 it appears that individual crystals < 50 nm agglomerate
and form larger particles > 150 nm. The material forms relatively flat surfaces with poor
porosity. It is possible that in the presence of a chelating agent, titanium formate can
evolve and form polymeric structures.172 The presence of polymeric titanium formate
chains can then form crystals with increased agglomeration. This is further shown
through FESEM imaging of Fcontrol where no chelating agent was used.
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Figure 3.15. FESEM image of Fcontrol calcined at 700 °C

Figures 3.15 and 3.16 show materials of different size and morphology to those shown
earlier. In figure 3.15 it can clearly be seen that the material has large open pores in
comparison with F10W4 also upon closer magnification it can be seen that the individual
crystals are much larger than those formed through the use of a chelating agent. Since
no chelating agent was used for Fcontrol, it is known that upon the addition of water to
titanium isopropoxide, instantaneous, uncontrollable hydrolysis of the metal alkoxide
occurs resulting in the formation of a metal disordered oxide network with randomly
arranged octahedra that can easily agglomerate upon calcination to form particles in a
range of different sizes as shown in scheme 3.1 and 3.2.
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Figure 3.16. FESEM image of Fcontrol calcined at 700 °C
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Scheme 3.1. Crystallisation of chelated titanium precursor

Scheme 3.2. Crystallisation of titanium isopropoxide without chelating agent
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3.3

Conclusions

Anatase to rutile transition in a formic acid modified titania material has been studied
using XRD, FTIR and Raman spectroscopy. Through Raman and IR it was possible to
determine the mode of binding of the chelating agent, formic acid to the titanium
precursor with the equation: Δ = vas(COO-) - vs(COO-). A value for vas(COO-) - vs(COO-)
of 210 cm-1 indicated that bidentate bridging is the mode of binding for the samples.
However, for samples with increased water concentrations, spectroscopy results
showed doublet peaks indicating alternate modes of bridged binding. It was postulated
that for these samples syn-anti binding was occurring as well as syn-syn binding. It is
believed that the resulting syn-anti binding hinders crosslinking of the oligomer
network, resulting in a weakened structure and thus causing the anatase to rutile
transformation temperature to occur at lower temperatures than with the syn-syn mode
of binding where more ordered oligomer networks are believed to be formed.
Photocatalytic studies showed that the formic acid modified sample (calcined at 700
°C) with an anatase/rutile mixture of 86/14 % respectively was more effective for the
degradation of methylene blue than the commercial titania sample Degussa P25,
showing that an anatase/rutile mixture is more effective than either phase alone, which
is consistent with previous literature results.
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4 Effect of Silver on the Chelation of Formic
Acid to Titanium Isopropoxide
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4.1

Introduction

In the previous chapter, formic acid was used to modify titanium isopropoxide, it was
found that a molar ratio of 1:4:4, TTIP:FA:H2O was the best photocatalyst as well as
retaining anatase at the highest temperature. This ratio was then chosen for further
analysis. The effect of the addition of silver was investigated using similar techniques to
those applied in the previous chapter and a mechanism was proposed showing that not
only does silver promote the anatase to rutile transformation through the previously
published methods (discussed later) but that the silver also affects the formation of a
chelated structure, resulting in a disordered metal oxide structure that can easily
transform to rutile upon calcination.
As highlighted in chapter 1, the photocatalytic mechanism of TiO2 is based on the
production of electron (e-), hole (h+) pairs upon irradiation with UV light.74,229 The
separated electron-hole pair may diffuse to the TiO2 surface and react with water and
oxygen absorbed on the TiO2 surface, producing oxidising radicals such as OH• and
O2•-. The produced radicals are powerful oxidising species and as such have the ability
to further react with organic or inorganic compounds on the surface of the TiO2
material, degrading them to CO2 and H2O.69,70 There are three factors that in general,
affect the photocatalytic efficiency of TiO2; the ability of TiO2 to create the electron hole
pair, the electron hole charge transfer or the efficiency of the electron-hole pair in
migrating to the catalyst surface and finally the lifetime of the excited electron, ie the
extent of recombination.
There are two reasons why silver is believed to promote the photocatalytic activity of
TiO2. Silver may promote visible light absorption through surface plasmon resonance of
silver nanoparticles130 but silver also has the ability to reduce recombination due to the
trapping excited electrons through the introduction of the Fermi level of silver which
evidence suggests is located just below the conduction band of TiO2.230 Studies on the
effect of silver on phase transformation and grain growth of TiO2 have also been
investigated by this group130 and also by Chao et al.129 This group previously reported a
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delay in the anatase to rutile transformation of TiO2 which was caused by silver.130
However, Chao et al reported a lowering of the phase transformation temperature with
silver addition129 which is in agreement with the results shown in this chapter. There are
believed to be a number of causes for enhanced anatase to rutile phase transformation
from the inclusion of silver.
Firstly, the addition of silver causes a reduction in the anatase grain size.129,130 With the
anatase grain size reduced, the surface area of the materials increases, this leads to
an increase in crystal defects at the surface of the anatase grains these surface defects
act as nucleation sites for crystal transformation and growth. The main driving force for
rutile formation is believed to be a mechanism of nucleation and growth.55,56 Therefore,
with an increased presence of nucleation sites the anatase to rutile transformation is
enhanced, thus lowering the transformation temperature129
Secondly, the ionic radius of Ag+ (126 pm) is much larger than that of Ti4+ (68 pm) and
as such it is widely accepted that Ag does not enter the TiO2 crystal lattice but exists on
the surface of the crystal.129,130,230 Silver particles on the TiO2 surface will also act as
nucleation sites, lowering the anatase to rutile transformation temperature. Also, silver
modification of TiO2 is reported to cause an increase in oxygen vacancies.231,232 Silver
was introduced as the Ag+ ion but in the presence of heat the Ag+ ions will be reduced
to Ag0. To facilitate the reduction of Ag charge compensation from the TiO2 crystal
occurs and oxygen vacancies are created. An increase in oxygen vacancies facilitates
the

atomic

structural

rearrangement

associated

with

the

anatase

to

rutile

transformation through destabilisation of the metal oxide crystal structure by bond
rupture and ionic movement.
Many researchers have focused on modifying TiO2 with Ag. For example, Kuo et al
showed through X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
that silver on TiO2 surface coatings was easily oxidised into silver oxide (Ag2O) and
that the addition of silver causes a reduction in photoluminescence intensity as found
by photoluminescence (PL) spectroscopy.93 Gunawan et al reported enhanced
antimicrobial activity of Ag-TiO2 and a reversible photoswitching between Ag+ and Ag0
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depending on the excitation wavelength.230 This group previously showed enhanced
visible light photocatalysis with Ag modified TiO2130 and as mentioned previously, Chao
et al discussed the effect of silver on TiO2 phase transformation relative to the
formation of silver on the crystal surface. However, this research focuses on the effect
silver has on the early stages of the sol-gel TiO2 synthesis. Similar to the previous
chapter, the extent of chelation of the formate group to the titanium metal centre will be
investigated.
The current chapter reports a systematic study on how the addition of increasing
amounts of silver affects the extent of chelation of a formate group to a titanium
precursor and how the resulting reduction in formate chelation causes early
transformation of anatase to rutile. The effect of the addition of silver on structural
changes is investigated by characterising the sample in its amorphous state (i.e. before
it is calcined) with XPS, IR and Raman. X-ray diffraction (XRD) was used to determine
the crystalline phase of the calcined samples and DSC was employed to examine the
thermal events of the sample. The effect of silver on the electronic transitions of
crystalline TiO2 is shown through UV-vis spectroscopy.

4.2
4.2.1

Results and Discussion
X-ray diffraction

X-ray diffraction was carried out on the calcined samples in order to determine the
crystalline phase of the samples. All samples calcined at 300 °C were amorphous.
Crystalline anatase TiO2 was present for all samples calcined at 500 and 600 °C.
However, at 700 °C the diffractogram (figure 4.1) showed that 5 mol % Ag TiO2
contained both anatase (46 %) and rutile (54 %), but TiO2 without silver consisted
mainly of anatase (95 %). This indicated that the presence of increased amounts of
silver promotes the anatase to rutile transformation.
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Figure 4.1. XRD of 0 % and 5 % Ag-TiO2 powders calcined at 700 °C

At 800 °C the un-doped TiO2 sample consisted of both anatase (55 %) and rutile (45
%), whereas the silver doped samples were all 100 % rutile (figure 4.2). A higher Ag
concentration promotes earlier phase transformation. Figures 4.1 and 4.2 show that the
presence of silver promotes the formation of rutile.129
Promotion of phase transformation by the addition of silver is believed to be caused by
the following factors.129 Decreasing anatase grain size (figure 4.3) results in an
increase in the total boundary energy for the TiO2 powder. The driving force for rutile
grain growth is therefore increased, which promotes anatase to rutile phase
transformation.233 As the transformation of anatase to rutile is a mechanism of
nucleation and growth,55,56 an increased amount of nucleation sites would favour rutile
formation. Phase transformation is also governed by such effects as defect
concentration40 and grain boundary concentration,58 the presence of which can be
expected to be increased with greater surface areas. Rutile nucleation is thus
enhanced as the presence of defect sites is increased. Therefore, an increase in the
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number of defect sites promotes anatase to rutile transformation at lower
temperatures.129
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Figure 4.2. XRD of 0 % and 5 % Ag TiO2 powders calcined at 800 °C
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The radius of Ag+ ion (126 pm) is much larger than that of Ti4+ ion (68 pm) and so Ag+
ions introduced during the sol-gel synthesis cannot enter the lattice of the anatase TiO2
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grains during crystallisation of the metal oxide network.129,130 Migration of the Ag+ ions
to the crystal surface will also occur during calcination.129,130 Metallic and ionic silver on
the particle surface will serve as further sites where nucleation for rutile formation can
occur.

Oxygen

vacancies

may

also

influence

the

anatase

to

rutile

transformation.129,231,232 Previous reports231,232 indicate that the concentration of oxygen
vacancies at the surface of anatase increases with Ag doping. This favours the ionic
rearrangement necessary for the structure changes associated with rutile phase
formation.129
Ionic silver has a relatively high redox potential (-1.8 V NHE),234,235 as such, the Ag+ ion
can be reduced to Ag0 through both heat and possibly photo reduction.

236,237

To

facilitate the reduction of Ag+, oxygen vacancies will occur due to a charge
compensation caused by Ag+ reduction, again these oxygen vacancies are favoured for
the formation of rutile.129,231,232 To further investigate the role silver plays in altering the
transformation temperature of TiO2 in this study, it is necessary to understand the
structure of the oligomer before calcination. In order to gain insight on this, DSC, IR,
Raman and XPS were carried out on the powders before calcination.
4.2.2

Infrared spectroscopy.

The influence of silver on the structure of the Ti – O powders was investigated before
calcination using IR and Raman spectroscopy. Figure 4.4 shows IR spectra of the
doped and un-doped powders. Symmetric and asymmetric COO- stretches at ~1360
and 1540 cm-1 respectively indicated that the formic acid forms a bidentate bridge with
the titanium precursor.178,214,217,239
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Figure 4.4. IR spectra of TiO2 powders with different mol % silver content after aging at
100 °C

Figure 4.4 also shows that silver clearly reduces the intensity of the COO- stretches as
with each increase in Ag concentration there is a reduction in intensity of both the
asymmetric and symmetric COO- peaks. This result provides evidence for an
alternative mechanism to those stated above, for early anatase to rutile transformation
in the presence of silver as will be further discussed throughout the chapter. In fact,
silver may influence the anatase to rutile transformation through interactions with the
titanium precursor in the early stages of the sol-gel synthesis. These interactions may
ultimately alter the condensation pathway, resulting in a weakened TiO2 oligomer
network.
To compare the effects of ageing at 100 °C, IR spectra of samples 0 and 5 mol % silver
TiO2 were recorded before and after aging (figures 4.5 & 4.6).
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Figure 4.6. IR spectra of TiO2 powders with different mol % silver content after aging at
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After both samples are aged at 100 °C for 12 hours there is a significant reduction in
the bridging formate COO- stretches of the 5 % silver doped sample whereas the TiO2
sample without silver does not show a significant reduction in the carboxylate
stretches. Since the boiling point of formic acid is 101 °C it is possible that the formic
acid is displaced by the presence of silver and is then evaporated upon aging.
4.2.3

Raman spectroscopy

Raman spectroscopy analysis was carried out on the powders before they were
calcined to support infrared spectroscopy results.
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Figure 4.7. Raman spectra of TiO2 powders with different mol % silver content before
calcination

The Raman spectra of the doped and un-doped TiO2 samples, (figure 4.7) support the
observation deduced from the IR results. As the silver content is increased, the
asymmetric and symmetric COO- stretches (1570 and 1390 cm-1) decrease
accordingly. The addition of silver also causes significant changes in the Ti – O region
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of the spectra (0 – 1000 cm-1). The presence of peaks at 160, 420, 515 and 620 cm-1 in
the Raman of the silver doped TiO2 are indicative of the four peak pattern that would be
expected for anatase.222-224 However, without the presence of silver, this four peak
pattern is not as distinctive. This provides further evidence that silver affects the
titanium-formate complex before crystallisation has occurred.
It is agreed that the use of a chelating agent gives stability to the hydrolysis and
condensation reactions associated with the sol-gel process in the production of TiO2
from titanium alkoxides.172,200-204 IR and Raman spectroscopy have shown that formic
acid forms a bridging ligand with titania.210,212-215 Previous reports have shown that
similar chelating agents remain bound to the central titanium atom while the isopropoxy (OR) groups are preferentially hydrolysed. The bridging ligands remain
throughout much of the condensation process,172,207 altering the condensation pathway
and promoting the formation of linear polymers composed of edge sharing
octahedral.207,220 The system may be destabilised through the addition of water, which
leads to a structurally weak network that can easily collapse upon calcination to form
rutile.48,217
From the vibrational spectroscopy results it can be seen that the addition of silver
causes a reduction in the intensity of the COO- stretches indicating that the titania –
formate bridging complex is becoming weaker in the presence of silver. This may lead
to a structurally weak oligomer that upon calcination easily forms rutile at lower
temperatures.
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4.2.4

Differential scanning calorimetry

Differential scanning calorimetry was carried out to investigate the thermal events
associated with the doped and undoped TiO2 samples before and after aging.
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The DSC curve of the un-doped TiO2 powder analysed before ageing (figure 4.8) is
almost identical to the same sample after ageing (figure 4.9). It reveals an endothermic
peak at ~ 100 °C attributed to the elimination of unbound water and formic acid from
the surface of the TiO2 powder. The same peak for the silver doped sample reveals, as
expected, a smaller enthalpy of -420 J/g compared with -636 J/g for the undoped
sample, indicating that formic acid is easier to remove in the presence of silver. This is
in agreement with the previously proposed mechanism from the FTIR and Raman
spectroscopy results, that silver inhibits formic acid and it is thus removed upon ageing
at 100 °C therefore, allowing the oligomer structure to readily collapse and form rutile
upon calcination.
In figures 4.8 and 4.9 an endothermic peak at ~ 250 °C is due to the removal of
isopropanol formed through the condensation step. The removal of isopropanol
indicates that the condensation step is complete. Comparing the DSC curves of the
samples before (figure 4.8) and after (figure 4.9) aging shows that the endothermic
isopropanol peak is present in both the 0 and 5 mol % silver sample before aging. But
after aging the isopropanol peak at 250 °C is only present with 0 % Ag-TiO2. This
provides further explanation for the formation of rutile at lower temperatures, since
when the condensation step is near completion, the crystallization temperature is
lowered and then so too is the anatase to rutile transformation temperature.
The appearance of the first exothermic peak in all DSC curves is the transition from
amorphous TiO2 to crystalline anatase and as expected this peak occurs earlier with
silver doped TiO2 than with TiO2 only. Figure 4.8 shows that crystallization occurs at
320 °C for 5 % Ag-TiO2 but does not occur until 350 °C for the undoped sample. This
can also be seen in figure 4.9 where crystallization of 5 % Ag-TiO2 takes place at 320
°C but for the undoped sample crystallization does not occur until 385 °C.
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4.2.5

X-ray photoelectron spectroscopy

To determine more information on exactly how silver is interacting with the titanium
formate complex, XPS was carried out on the silver doped and undoped samples
before calcination to establish the titanium structure, the chemical state of the silver
particles and also for further evidence of the reduction in the carboxylate species. XPS
spectra were recorded of the samples pre-calcination (as with IR and Raman) and XPS
was also carried out on the crystalline titania after calcination. The spectra of C1s and
O1s of TiO2 without silver show the presence of the carboxylate group at 289.1238 and
532.3 eV238,239 respectively (figure 4.10 a & b). As the silver content is increased the
intensity of these peaks decreases in a similar manner as those of the IR and Raman
results, again indicating that with increased silver content, the formation of a titaniaformate bridging complex becomes increasingly difficult to form.
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Figure 4.10. XPS spectra of C 1s (a) and O 1s (b) of TiO2 with and without silver before
calcination

Figure 4.11 shows the XPS narrow scans for Ti 2p and Ag 3d peaks. The XPS
spectrum of Ti 2p is unchanged with increasing amounts of silver, the Ag 3d spectrum
of 1 % silver TiO2 gives a weaker signal than the 3 % shown in figure 4.11b and the Ag
3d scan of 5 % silver TiO2 results in a spectrum similar to 3 % silver TiO2. The fact that
increasing amounts of silver does not affect the Ti 2p spectra indicates that central
titanium atom has not been reduced. In figure 4.11a, a Ti 2p peak at 459.1 eV is
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representative of Ti in its tetravalent state240 in an octahedral environment.241 The
absence of a Ti3+ peak at 457.4 eV leads to the following observations.
Ti has not been reduced to Ti3+ which may indicate an absence of surface oxygen
vacancies.242 However, if TiOn (n < 2) is formed it may not be present in detectable
amounts.243
Ag2O or Ag0 incorporation into the TiO2 lattice may give rise to a signal at 457.4 eV
representative of Ti3+.93 From the XPS there was no evidence of Ag – TiO2 bond
formation, which can be expected due to the differences in atomic radius.
The Ag 3d scan (figure 4.11b) shows two large peaks. A Gaussian fit of the main peak
(~368 eV) showed that it was made up of two signals at 367.9 and 368.2 eV,
representing the chemical bonding states of Ag2O and Ag0 respectively.93 Therefore, it
has been shown that Ag0 and Ag2O have formed on the surface of the titania – formate
complex, before heat treatment above 100 °C. Spectroscopic (FTIR, Raman and XPS)
studies of the carbonyl species have shown a reduction in the titanium – formate
bridging complex with increased amounts of silver.
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Figure 4.11. XPS spectra of Ti 2p (a) and Ag 3d (b) of 3 % Ag TiO2 before calcination

The Ag 3d scan of a sample (before calcination) containing silver (figure 4.11b), shows
the presence of Ag2O (Ag2+, 367.8eV) and Ag0 (368.2 eV).93 Therefore, the presence of
Ag2O and Ag0 in the powders before calcination may be responsible for the reduction of
the titanium – formate bridge as shown by IR, Raman and XPS. The presence of Ag2O
and Ag0 may then restrict the formation of a titanium – formate bridging complex which
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leads to an altered condensation pathway and therefore low temperature formation of
rutile.
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Figure 4.12. O 1s XPS spectra of TiO2 without silver calcined at 900 °C (a) and with 3 %
silver calcined at 700 °C (b)

Figure 4.12 shows the narrow scan XPS spectra for O 1s of TiO2 only calcined at 900
°C and 3 % Ag TiO2 calcined at 700 °C. Gaussian fits of both spectra give rise to two
peaks at 530.1 and 531.1 eV for crystal lattice oxygen and hydroxy oxygen
respectively.241,244 The silver doped sample contains a greater amount of hydroxy
oxygen. Chemisorbed surface hydroxyl groups can enhance photocatalysis by trapping
photoinduced holes resulting in an increase in the formation of the highly oxidising OH●
radicals.244,245
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Figure 4.13. Ti 2p XPS spectra of TiO2 without silver calcined at 900 °C (a) and with 3 %
silver calcined at 700 °C (b)
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It is well reported that silver retards the recombination of photogenerated electron hole
pairs,73,93,130 this may not only be due to the attraction of excited electrons to silver but
also due to the presence of extra hydroxyl species to delay recombination through hole
trapping.
There is an apparent difference between the Ti 2p spectra shown in figure 4.13.
Unmodified TiO2 gives a signal at 458.9 eV in the Ti 2p narrow scan. However, 3 %
silver TiO2 results in the presence of an additional signal at 459.2 eV. The un-doped
sample after calcination at 900 °C gives a symmetrical peak at 458.9 eV (figure 4.13a)
typical of tetravalent Ti-O bonds.240 However, the Ti 2p narrow scan of the 3 % Ag TiO2
sample calcined at 700 °C does not give a symmetrical peak. A Gaussian fit of the
spectrum gives two signals at 458.9 and 459.2 eV both representing Ti-O240 but the
shift in the binding energy to 459.2 eV indicates that there may be an interaction
between TiO2 and silver.230
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4.2.6

Proposed silver interaction

Through XPS, IR and Raman, it was shown that the addition of silver restricts the
formation of a titanium – formate bridging complex. XPS also shows that silver exists
as both Ag0 and Ag2O. Finally, XPS has shown that the presence of silver results in a
peak being present at 459.2 eV in the Ti 2p scan (Figure 4.13b), which may be
indicative of an interaction between TiO2 and silver.230 The combination of these results
leads to the proposal of scheme 4.1. In scheme 4.1 it is proposed that Ag0 and Ag2O
block the formation of the titanium – formate bridge. The resulting titanium complex can
then collapse readily upon calcination to form rutile.
Scheme 4.1. Illustration of blocking mechanism of silver on titanium – formate bridge
(suggested structure)
H
C
O
RO

R
O

Ti
RO
O

Ag

O
OR
Ti

O
R

OR

+AgNO3
100 oC

RO

Ag
O

Ti
RO

O

O

C
H

OR

+

Ti
O
R

OR

H
C
HO

O

O

C
H

Gaussian fits of the narrow scan Ti 2p XPS spectra (appendix A) of all samples before
calcination reveals two signals. The intensity of the signals accordingly varies with the
increasing presence of silver, further indicating that Ag0/AgO is interacting with
titanium,246 thus facilitating the removal of formate species and allowing for the collapse
of the Ti-O gel framework upon calcination to form rutile at lower temperatures.
4.2.7

Diffuse reflectance spectroscopy

In order to estimate the band gap distance, UV-vis spectroscopy was employed. The
results show that silver does improve visible light absorbance of TiO2 due to silver
plasmon absorption, moreover, a blue shift was observed for the band gap separation
of the TiO2 materials upon increased silver addition.
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Figure 4.14 shows the diffuse reflectance spectra for 0, 1, 3 and 5 mol % Ag TiO2. It
can be seen that un-modified TiO2 has a smaller band gap than the silver modified
TiO2. The blue shift of the silver modified materials can be attributed to the presence of
additional silver.247 The influence light absorption through silver is highlighted in the
diffuse reflectance spectrum of silver (figure 4.15).
Figure 4.15 shows a diffuse reflectance spectrum of Ag nanoparticles (< 100 nm)
where a strong absorbance is observed at ~335 nm. The band gap of the TiO2
nanomaterials can therefore not be accurately determined because of the strong silver
absorption.248 It is also clear that the presence of increased amounts of silver (3 and 5
mol %) facilitates visible light absorbance. This can also be seen from figure 4.15
through strong visible light absorption of the silver nanoparticles. The proposed
mechanism for the visible light absorbance of Ag – TiO2 is shown in figure 4.16.230
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Figure 4.14. Diffuse reflectance spectra of 0, 1, 3 and 5 % Ag TiO2 calcined at 500 °C
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Figure 4.16. Mechanism for light absorption

It can also be seen in both figures 4.14 and 4.17 that 3 mol % silver TiO2 has greater
absorption than 5 mol % Ag in the visible region. This is because increased levels of
silver act as a physical block against TiO2 light absorption. This causes an increase in
the diffuse light reflectance of the material. 130
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Figure 4.17. Diffuse reflectance spectra of 0, 1, 3 and 5 % Ag TiO2 calcined at 700 °C

In figure 4.18 it is observed that the band gap of the modified TiO2 is reduced, as seen
by the red shift in the spectra of the 3 and 5 mol % Ag TiO2 in comparison with figures
4.14 and 4.17. This is attributed to the formation of rutile. Rutile has a smaller band gap
than anatase,7 XRD results confirm that silver doped samples calcined at 800 °C have
rutile structure (figure 4.3). Comparing figure 4.18 with figures 4.14 and 4.17, silver
does not have the same influence in causing the blue shift. As discussed earlier, the
mechanism of anatase to rutile transformation is one of nucleation and growth,

55,56

therefore, rutile particles are significantly larger than those of anatase. The larger
particles may result in a significant reduction in the influence of silver on the band gap
of the materials.
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Figure 4.18. Diffuse reflectance spectra of 0, 1, 3 and 5 % Ag TiO2 calcined at 800 °C

4.2.8

FESEM and EDX

Field emission scanning electron microscopy (FESEM) and energy dispersive X-ray
spectroscopy (EDX) was carried out on the TiO2 samples with 5 mol % silver loading
calcined at 700 and 800 °C.
Figure 4.19 shows the electron micrograph of 5 % Ag-TiO2 calcined at 700 °C.
Combining EDX spectroscopy (appendix B) with the image shown in figure 4.19 it was
determined that metallic silver is evenly dispersed on the surface of the TiO2 particles.
It was determined from XRD that the sample is a mixture of anatase (46 %) and rutile
(54 %) and crystal sizes determined from XRD and the Scherrer equation were 35 nm
for anatase and 52 nm for rutile. From the FESEM micrograph it is clear that both small
(50 nm) and large particles (100 nm) are present in the sample area. The clusters (~ 10
nm) spread throughout the surface of the larger TiO2 particles are believed to be
metallic silver nanoparticles.
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Figure 4.19. FESEM image of 5 % Ag-TiO2 calcined at 700 °C

Ag

Figure 4.20. FESEM image of 5 % Ag-TiO2 calcined at 800 °C
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As the calcination temperature was increased to 800 °C, total transformation from
anatase to rutile occurred. Rutile crystal sizes of ~ 50 nm were recorded using the
Scherrer equation but the electron micrograph (figure 4.20) did not resolve single rutile
crystals possibly due to increased agglomeration of the rutile crystals to form larger
particles (200 nm – 1 μm) as seen from the FESEM analysis area. EDX analysis
(appendix B) of the image shown in figure 4.20 revealed that agglomeration had not
only occurred for the TiO2 crystals but the silver nanoparticles had also combined to
form larger silver particles (~ 50 – 200 nm) as highlighted in figure 4.20.

4.3

Conclusions

A systematic study of the effect of silver on the anatase to rutile transformation
temperature of TiO2 has been carried out. Using XRD, FTIR, Raman, DSC and XPS it
was proposed that the addition of silver blocks the formation of a titanium – carboxylate
bridging ligand. This was clearly shown by monitoring the carboxylate stretches in
FTIR, Raman and XPS. Without the formation of this bridging ligand the condensation
pathway is altered and the resulting titania polymer network is weakened. When
calcined, this weakened structure can readily transform from anatase to rutile due to a
greater atomic mobility. The sample with no silver present, maintained anatase at
greater temperatures than those that contained silver. This was due to the formation of
a strong carboxylate bridge that promoted a more organised structure throughout the
condensation process. The more ordered oligomer network of the sample without silver
consisted of anatase at greater temperatures than those where silver was present. This
was clearly seen from the XRD diffractograms. Previous reports have indicated that
oxygen vacancies contribute to the early formation of rutile, but through XPS, it was
concluded that the presence of additional silver did not form extra oxygen vacancies.
XPS also showed that Ag2O and Ag0 were present in the samples before high
temperature calcination. It was also showed through XPS that there may be an
interaction between Ag and Ti, which agrees with the proposed mechanism outlined in
scheme 4.1.
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Through diffuse reflectance spectra it could be seen that the addition of silver promotes
visible light absorbance through surface plasmon resonance arising from light
interactions with the silver nanoparticles.
An alternative mechanism has been proposed on how silver affects the anatase to
rutile transition of TiO2. In the proposed mechanism, silver blocks the formation of a
bridging ligand with the titanium alkoxide precursor. This is clearly shown in FTIR,
Raman and XPS spectra and the resulting lower formation of rutile is clear from XRD
and DSC.
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5 Optimisation of a TiO2 Photocatalyst
through the Addition of Aluminium, Silver,
Nitrogen and Sulfur
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5.1

Introduction

The work in this chapter began with the aim of synthesising visible light active anatase
that is stable at increased temperatures. From the previous two chapters, the effect
that the early synthesis conditions have on the anatase to rutile transformation
temperature has clearly been shown through the chelation of formic acid. Using this
knowledge as well as what is known from the literature, it may be possible to develop
anatase that is stable at increased temperatures and is also photocatalytically active
under visible light irradiation.
As well as having an understanding of how chelation affects the anatase to rutile
transformation temperature, it is well understood that the addition of aluminium may
stabilise TiO2 as anatase at increased temperatures. It is necessary to synthesise TiO2
anatase that remains stable at high temperatures for applications such as catalysis and
ceramics.249 The addition of aluminium has shown promising results by increasing the
anatase to rutile transformation temperature above 1000 °C.250,251 Despite the addition
of aluminium extending the anatase to rutile transformation temperature, negative
effects on photocatalytic activity have been widely reported.89,110
As mentioned previously, the photocatalytic efficiency of TiO2 is limited by its wide band
gap (3.2 eV). In order to improve the efficiency of the light absorbing molecule it is
necessary to decrease the band gap to allow for absorption of photons from the visible
light spectrum (> 400 nm). This can be achieved through a number of methods. Nonmetal dopants have given the most promise and the best performers include N, F, C
and S.252-254 Asahi et al reported visible light activated TiO2 through N-doping.252
Although N-doped TiO2 has clearly been shown to be visible light active; the
mechanism through which the red shift occurs is still under debate. Asahi concluded
that N atoms replaced O in the anatase crystal lattice and a mixture of N 2p and O 2p
bands caused band gap reduction.252,255 Oxygen vacancies were also believed to
cause visible light absorption and Ihara et al believed that the addition of N stabilised
these oxygen vacancies256 which was also supported by Martyanov et al.257
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In

contrast, several authors have proposed that N doping results in the formation of
localized N 2p energy levels, existing just above the valence band of the
semiconductor258-260 which seems to now be the accepted mechanism for N doped
visible light photocatalysis.
Sulfur doped TiO2 has also shown promising results in terms of visible light absorption.
However, there is also some debate about the nature of how the S atoms interact with
the TiO2. For example Umebayashi et al30-32 used ion implantation to produce S-TiO2
photocatalyst. It was indicated that S is doped in TiO2 as an anion and replaces lattice
oxygen in TiO2. However, Ohno et al261-263 found that S is incorporated as S4+ cations
and replaced Ti ions in TiO2. Secondly, it was indicated that the photocatalytic activities
of the cation doped TiO2 photocatalyst decreased even in the UV region because the
doped oxides suffer from a thermal instability or an increase in the carrier
recombination centres. The non-metallic ion doping may destroy the electric charge
balance of the system and an oxygen vacancy is produced in the crystal lattice. The
oxygen vacancy can become an electron-hole recombination centre.264,265 Recently, it
was reported that using the different cation co-doping or anion-cation co-doping may
further expand the photoabsorption region of the TiO2 photocatalyst and enhance its
activity. Wang et al265 incorporated S into TiO2 with a simple sol-gel method in mild
conditions using tetrabutyl titanate as the Ti precursor and thiourea as the S precursor.
They demonstrated that in the S-TiO2 photocatalysts prepared, some of S atoms exist
on the crystal surface as S4+ and S6+ cations, which replace the Ti ions on the crystal
surface and other S atoms enter into the crystal lattice of TiO2 as S2-, which replace the
lattice oxygen in the inner crystal lattice of TiO2 giving higher photocatalytic activity than
that of pure TiO2.265 Ohno et al262 reports S cation doped TiO2 that are expected to
replace Ti ions. This S doped TiO2 absorbs visible light more strongly than N, C and the
S anion-doped TiO2 to show visible light photocatalytic activity.
Improvements in photocatalytic activity have also been shown through the addition of
transition metals. New energy levels between the valence and conduction bands were
believed to be introduced through the addition of Fe3+.121,282-285 The noble metals (Ag,
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Au, Pt and Pd) also show enhanced activity by acting as electron traps for light
promoted electrons, thereby reducing recombination rates.113-117
Combinations of non metal atoms into TiO2 has also attracted considerable interest of
late. Li et al found that N-F-codoped TiO2 was more effective than either N or F
alone.266 Improved visible light activity has also been reported with C-N-TiO2,267 C-STiO2268 and C-N-S-TiO2.37,269
In this chapter, the effects of a combination of N, S, Al and Ag doped TiO2 will be
investigated both individually and combined. The individual effects on anatase to rutile
transformation and photocatalysis will be investigated and the chapter layout is as
follows.
1) Optimisation of Al-TiO2 for the synthesis of high temperature anatase was carried
out in order to determine the optimum Al mol % necessary to achieve high
temperature stable anatase.
2) It was then necessary to achieve successful insertion of nitrogen into the TiO2
crystal lattice, this was carried out using a novel sol-gel technique and with the
ideal loadings of both nitrogen and aluminium found it was possible to synthesise
co-doped Al, N-TiO2 materials.
3) As N-doped TiO2 causes visible light active TiO2 it may be deduced that if electrons
can be excited using less energy, they can also recombine at increase rates,
reducing the photoactivity of the material. In an effort to counteract recombination,
3 mol % silver was added to create Ag, N-TiO2 the value of 3 mol % was
determined to be the optimum silver loading in previous work carried out in our
laboratory.130
It is well reported that sulfur doped TiO2 is more difficult to achieve than N-TiO2
because of sulfur’s larger ionic radius.95,270 Therefore, two separate sulfur sources
were investigated for this synthesis. Dimethyl sulfoxide (DMS) and sodium
thiosulfate (Na2S2O3) were the sulfur sources chosen for this study.
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4) With all synthesis conditions and dopant amounts optimised it was then possible to
synthesise multi doped Al, Ag, N, S-TiO2. This chapter presents the results and
steps of each stage of the journey to achieve Al, Ag, N, S-TiO2.

5.2

Results and Discussion

5.2.1

Characterisation

5.2.1.1 Al-TiO2
It has been reported that the presence of aluminium with TiO2 extends the anatase to
rutile transformation temperature by up to 200 °C.251 To determine what the optimum
percentage of aluminium modification is, 1, 3, 5 and 10 mol % Al was added to TiO2
and the samples were calcined at temperatures 400 – 1000 °C. X-ray diffraction was
carried out on the calcined samples and the results are summarised in figure 5.1.
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From the results shown in figure 5.1, it is obvious that the presence of aluminium does
stabilise TiO2 as anatase at prolonged temperatures. Without the presence of
aluminium, anatase begins to transforms to rutile at 700 °C and at 800 °C, rutile is the
majority phase. However, aluminium delays the transformation at temperatures up to
900 °C, with anatase still present at 1000 °C. The maximum delay in the anatase to
rutile transformation was achieved by the addition of 1 % Al. As the Al percentage
increased, the effectiveness on delaying the formation of rutile was decreased. Also
since Al has been reported to hinder photocatalytic activity89 it was decided that 1 % AlTiO2 would be used for further investigations.
5.2.1.2 N-TiO2
Nitrogen doped TiO2 was synthesized from a novel sol-gel method using molar ratios of
Ti:N, 1:0.5 and 1:4. The powders were calcined at temperatures 400 – 1000 °C. X-ray
diffraction of the calcined powders (figures 5.2 and 5.3) showed that increased
amounts of nitrogen stabilise TiO2 as anatase at increased temperatures.
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Figure 5.2. X-ray diffractogram of N doped TiO2, 1:0.5 Ti:N
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Figure 5.3. X-ray diffractogram of N doped TiO2, 1:4 Ti:N

Molar ratios of Ti:N, 1:0.5 give anatase percentages of 54 and 7% at temperatures of
600 and 700 °C respectively, whereas molar ratios of 1:4, Ti:N result in anatase
percentages of 68 and 35% at temperatures of 600 and 700 °C respectively. Visual
inspection of the sample at 500 °C indicates the successful insertion of nitrogen into
the TiO2 lattice due to the yellow colour of the powders.271 Calcination at all other
temperatures did not result in nitrogen doped powders. Diffuse reflection spectra of the
nitrogen doped TiO2 powders calcined at 500 °C (figure 5.4) clearly show visible light
absorption by the powders, further proof of successful insertion of nitrogen into the TiO2
lattice.
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Figure 5.4. Diffuse reflectance spectra of TiO2 and N-TiO2

5.2.1.3 Al, N-TiO2
Since it was shown that 1 % Al-TiO2 delays the anatase to rutile transformation and NTiO2 gives visible light absorption, 1 % Al, N-TiO2 (Ti:N, 1:0.5 and 1:4) was
synthesised. The crystallisation behaviour of the TiO2 was influenced by nitrogen more
than aluminium. Aluminium alone delayed the anatase to rutile transformation up to
900 °C, but the presence of nitrogen (Ti:N, 1:0.5) with aluminium resulted in the
transformation temperature being lowered to 600 °C (anatase 89 %), at 700 °C rutile
was the dominant phase (60 %) and at 800 °C complete transformation had occurred.
Higher ratios of nitrogen (Ti:N, 1:4) gave similar results but with higher rutile
percentages. At 600 °C the sample was 16 % rutile and at 700 °C the sample was 72
% rutile. Therefore, increased amounts of nitrogen, in the presence of 1 mol % Al,
lower the anatase to rutile transformation temperature. N-TiO2 is no longer capable of
visible light absorption at calcination temperatures ≥ 600 °C. Disappearance of visible
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light absorption coincides with rutile formation. It can be postulated that the formation of
rutile is the reason for the blue shift in the absorption properties of the materials. Di
Valentin et al explain that a blue shift is observed with N-doped rutile because not only
is the top of the TiO2 valence band lowered (by 0.4 eV) but the inserted N 2p levels are
also lower in energy than the valence band of pure rutile (0.05 eV) (figure 5.5).271

Figure 5.5. Schematic electronic structure for pure and N-doped anatase and rutile
polymorphs of TiO2271

Also since the anatase to rutile transformation can be dominated by effects such as
defect concentration,40 it is possible that the introduction of nitrogen increases the
number of defects within the lattice, thus, lowering the anatase to rutile transformation
temperature.
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Figure 5.6. X-ray diffractogram of 1 % Al, N doped TiO2, 1:0.5 Ti:N

Diffuse reflectance results for 1 % Al, N-TiO2 gave similar results as were shown for NTiO2 (figure 5.4). It was again observed that at calcination temperatures other than 500
°C, from visual inspection, nitrogen was not inserted into the TiO2 lattice. The formation
of rutile at 600 °C coincides with the loss of visible light absorption as was noticed with
N-TiO2 previously.
To determine which of the samples was the best photocatalyst, photocatalytic
degradation of methylene blue was carried out on samples calcined at 500 and 600 °C.
figure 5.7 shows a typical UV-vis degradation plot and table 5.1 summarises the
degradation rate constants for all samples.
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Figure 5.7. UV-vis absorption plot showing the degradation of methylene blue with NTiO2, Ti:N, 1:0.5 calcined at 600 °C (first order plot inset, R2 = 0.9978)
Table 5.1. First order rate constants for methylene blue degradation with N-TiO2

Ti:N molar

Calcination Temperature

Rate Constant

ratio

(°C)

(min-1, x10-2)

N-TiO2

1:0.5

500

7.2

N-TiO2

1:0.5

600

9.6

N-TiO2

1:4

500

3.4

N-TiO2

1:4

600

6.5

1 % Al, N-TiO2

1:0.5

500

3.7

1 % Al, N-TiO2

1:0.5

600

3.1

1 % Al, N-TiO2

1:4

500

3.8

1 % Al, N-TiO2

1:4

600

3.1

Sample
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Results from table 5.1 clearly show the negative impact of aluminium on the
photocatalytic activity of N-TiO2. The most photoactive sample had no aluminium (NTiO2, Ti:N, 1:0.5), and it degraded methylene blue giving a rate constant of 9.6 x 10-2
min-1, almost three times greater than any aluminium containing sample. It has
previously been reported that the addition of aluminium causes a reduction in the
photocatalytic activity of TiO2.89 There are believed to be a number of factors regarding
photocatalytic efficiency that the addition of aluminium may influence. The substitution
of Ti4+ with Al3+ ions in the TiO2 crystal lattice,272-274 results in the formation of oxygen
vacancies by charge compensation.272 The additional oxygen vacancies can act as
recombination centres therefore preventing the formation of the OH• radicals
associated with the photocatalytic mechanism.272 Comparison of Al, N-TiO2
photocatalytic degradation results with N-TiO2 degradation results are in agreement
with Gesenhues et al272,273 and it shows that the addition of aluminium causes a
reduction in the photocatalytic activity of TiO2. Adsorbed surface hydroxyl species on
the TiO2 surface are also influential on the photocatalytic activity of TiO2, the addition of
aluminium reduces the amount of adsorbed hydroxyl radicals and as such the
photocatalytic efficiency of the material is also reduced.272 A rate constant of 29.0 x 10-2
min-1 for the degradation of methylene blue was determined using the TiO2 industrial
standard, Degussa P25. This shows that although N-TiO2 has a broader absorption
spectrum, as a photocatalyst it is extremely inferior to the industrial standard under
solar simulated irradiation. It is postulated that the poor photocatalytic activity of N-TiO2
compared with Degussa P25, may be due to increased recombination caused by the
insertion of N2p energy levels between the valence band and the conduction band of
the TiO2 semiconductor materials. Therefore, in order to increase the photocatalytic
activity of N-TiO2, recombination must be reduced.
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5.2.1.4 Ag, N-TiO2
This group has previously enhanced photocatalysis of TiO2 through silver
modification130 and Kuo et al have shown that the addition of silver causes a reduction
in photoluminescence intensity93 indicating that silver traps excited electrons therefore
reducing recombination rates.113-117 To improve the photocatalytic activity of N-TiO2, 3
mol % silver was added. 3 mol % silver was chosen as previous results by this group
have shown it is the optimum amount.130
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Figure 5.8. X-ray diffractogram of 3 % Ag, N doped TiO2, 1:0.5 Ti:N

The XRD scan of 3 mol % Ag, N-TiO2 shown in figure 5.8 is similar to that of Ag, NTiO2 (Ti:N, 1:4). It can be seen that silver greatly promotes the formation of rutile. At
600 °C rutile (22 %) begins to form, with complete anatase to rutile transformation
occurring at 700 °C. A number of reasons for the promotion of rutile formation by silver
have previously been concluded by Chao et al129 including; silver causing a reduction in
anatase grain size, therefore increasing the specific surface area of the TiO2 particles
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and increasing the nucleation and growth mechanism associated with the anatase to
rutile transformation. Secondly, silver promotes the formation of oxygen vacancies
within the TiO2 lattice, these vacancies allow ionic and structural rearrangement to
occur with greater ease thus, forming rutile.129 In chapter 4 it was also shown that silver
blocks the formation of chelating ligands to the titanium metal centre, without organic
ligands binding to the metal centre, titanium isopropoxide forms a disordered network
as the condensation process proceeds, this network can collapse readily upon
calcination to form rutile.275
The electronic properties of the Ag, N-TiO2 powders were determined by diffuse
reflectance (figure 5.9).
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Figure 5.9. Diffuse reflectance spectra of 3 % Ag, N-TiO2 (Ti:N, 1:4)

It can be seen from the diffuse reflectance spectra that the addition of nitrogen still
enables visible light absorption. However as the calcination temperature increases up
to 700 °C, rutile is formed and the sample is no longer visible light active. To determine
if the photocatalytic activity of the samples has been improved, methylene blue was
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again chosen as the model degradant. For consistency in the photocatalytic activity
tests, degradation reactions were carried out under the same conditions as employed
previously.
Table 5.2. First order rate constants for methylene blue degradation with N-TiO2

Ti:N molar

Calcination Temperature

Rate Constant

ratio

(°C)

(min-1, x 10-2)

3 % Ag, N-TiO2

1:0.5

500

8.4

3 % Ag, N-TiO2

1:0.5

600

9.9

3 % Ag, N-TiO2

1:0.5

700

3.8

3 % Ag, N-TiO2

1:4

500

5.5

3 % Ag, N-TiO2

1:4

600

3.8

3 % Ag, N-TiO2

1:4

700

2.8

Sample

The addition of silver does cause improved photocatalytic ability with 3 % Ag, N-TiO2
(Ti:N, 1:0.5) calcined at 600 °C being the most effective silver modified photocatalyst
with a rate constant of 9.9 x 10-2 min-1 compared to 9.6 x 10-2 min-1 for the same
sample without silver (table 5.2). However, this result still does not compete with
Degussa P25 (29 x 10-2 min-1). In order to improve the photocatalytic activity of TiO2,
further dopants must be investigated. From the nitrogen doping studies it was
determined that ratios of Ti:N, 1:0.5 result in the most efficient photocatalyst. Therefore,
the addition of increased amounts of nitrogen (Ti:N, 1:4) precursor does not result in
improved photocatalytic efficiency when compared with N-TiO2 prepared using smaller
amounts of nitrogen source (Ti:N, 1:0.5). Molar ratios of 1:0.5 for Ti:N were therefore
used for future synthesis.
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5.2.1.5 Al, S-TiO2
Visible light absorption has also been achieved through sulfur doping292-294 but
incorporation of anionic sulfur into the TiO2 crystal lattice is more difficult to achieve
than insertion of nitrogen because sulfur has a larger ionic radius, as shown by the
larger energy of formation required for S substitution (4.1 eV) compared to that of N
(1.6 eV).252 However, insertion of cationic sulfur (S6+) because of its smaller ionic radius
is chemically favourable over S2- insertion. Successful sulfur doping with S6+ was
observed by this group through XPS where the presence of titanyl oxosulfate delayed
the anatase to rutile transformation temperature up to 900 °C.270
Synthesis of sulfur doped TiO2 was carried out using two possible sulfur sources;
dimethyl sulfoxide (DMSO) and sodium thiosulfate (Na2S2O3). Ratios of Ti:S, 1:1 and
1:16 were used for DMSO and for Na2S2O3, ratios of 1:1 and 1:4 were chosen. X-ray
diffraction of the samples showed that S-TiO2 synthesised from DMSO gave stable
anatase at increased temperatures on comparison with S-TiO2 synthesised from
Na2S2O3 with no noticeable change observed from varying the ratio of the sulfur
source. From figure 5.10 it can be seen that DMSO delays the anatase to rutile
transformation. Anatase is the only phase present at 700 °C, it is the dominant phase
at 800 °C (83 %) and is present in small amounts at 900 °C (3 %). On comparison,
figure 5.11 shows rutile forming at 700 °C (11 % rutile) and at 800 °C the percentage
rutile increases to 40 % before total transformation occurs at 900 °C.
Diffuse reflectance spectra (figure 5.12) indicated that sulfur did not cause visible light
absorption, thus indicating that neither anionic nor cationic sulfur was inserted into the
TiO2 lattice. Sulfur doping may not have been achieved if the sulfur sources were not
present during the condensation process. If the sulfur sources were absent after
filtering and aging, then substitution of oxygen with sulfur during crystallisation could
not occur. Although this result may not be conclusive it does highlight the ease at which
N-doping can occur on comparison with S-doping. The photocatalytic activity of the
synthesised materials was investigated through the degradation of methylene blue.
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Figure 5.10. X-ray diffractogram of 1 % Al, S doped TiO2, 1:16 Ti:S (DMSO)
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Figure 5.11. X-ray diffractogram of 1 % Al, S doped TiO2, 1:1 Ti:S (Na2S2O3)
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Figure 5.12. Diffuse reflectance spectra of 1 % Al, S-TiO2 (Ti:S, 1:1, DMSO)

From the results shown in table 5.3 it can be seen that S-TiO2 synthesised from the
Na2S2O3 source proves to be a very effective photocatalyst. On comparison with NTiO2 which was shown to be visible light active, S-TiO2 is ten times more photoactive
than some of the nitrogen doped samples. S-TiO2 (1:4, Na2S2O3) calcined at 700 °C
proved to be the most efficient photocatalyst with a degradation rate constant of 43.1 x
10-2 min-1, significantly greater than Degussa P25 (29.0 x 10-2 min-1). S-TiO2
synthesised from Na2S2O3 was also more photoactive than S-TiO2 synthesised from
DMSO and as such, Na2S2O3 was the sulfur source of choice for further synthesis.
Reasons for such high photocatalytic activity may include; high surface area, reduced
recombination due to excess lattice defects or reduced oxygen vacancies. The
presence of Na+ ions has previously been reported to act as a charge recombination
site which would decrease the photocatalytic activity.276,277 In fact, poisoning of TiO2
supported on glass substrates is believed to be caused by Na contamination.276,277
However, Bessekhouad et al showed that photocatalytic efficiency of alkaline-TiO2
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materials is dependant on synthesis conditions, pollutant type and alkaline
concentration.278 The results shown in table 5.3 indicate that improved photocatalytic
efficiency may be caused by the synergestic effect of Na and S.
Table 5.3. First order rate constants for methylene blue degradation with S-TiO2

Ti:S molar

Calcination

Rate Constant

ratio

Temperature (°C)

(min-1, x 10-2)

S-TiO2 (Na2S2O3)

1:1

500

7.4

S-TiO2 (Na2S2O3)

1:1

600

16.4

S-TiO2 (Na2S2O3)

1:1

700

35.9

S-TiO2 (Na2S2O3)

1:1

800

29.6

S-TiO2 (Na2S2O3)

1:4

500

32.9

S-TiO2 (Na2S2O3)

1:4

600

14.8

S-TiO2 (Na2S2O3)

1:4

700

43.1

S-TiO2 (Na2S2O3)

1:4

800

36.0

S-TiO2 (DMSO)

1:1

500

3.4

S-TiO2 (DMSO)

1:1

600

7.0

S-TiO2 (DMSO)

1:1

700

6.8

S-TiO2 (DMSO)

1:16

500

3.8

S-TiO2 (DMSO)

1:16

600

6.6

S-TiO2 (DMSO)

1:16

700

8.4

Sample

Not only have N-TiO2 and S-TiO2 results shown what can be achieved using the
various dopants and synthesis techniques but results from N-TiO2 and S-TiO2 have
also shown what the optimum concentrations of nitrogen/sulfur source required is. With
N-TiO2, 1:0.5 was found to be the optimum ratio and the presence of silver was shown
to be of benefit to the photocatalytic ability of the material. Sodium thiosulfate produced
a better photocatalyst than dimethyl sulfoxide and the optimum Ti:S molar ratio was
found to be 1:4. Previous results had shown that 3 mol % silver is the ideal amount,
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anymore than that acts as a physical barrier to incoming light as well as promoting
recombination.130 With the conditions optimised it was then possible to synthesise N, Scodoped TiO2 with and without silver and aluminium.
5.2.1.6 3% Ag, 1% Al, N, S-TiO2
Silver, aluminium, nitrogen and sulfur co-doped powders were synthesised using
diaminopropane is a nitrogen source and sodium thiosulfate as a sulfur source. The
doped material was synthesized in the ratio 1:0.5:4, TTIP:DAP: Na2S2O3 with 3 mol %
Ag and 1 mol % Al also present. To determine the thermal stability of the sample X-ray
diffraction was carried out on the calcined powders (figure 5.13).
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Figure 5.13. X-ray diffractogram of 3 % Ag, 1 % Al, N, S co-doped TiO2, 1:0.5:4 Ti:N:S

When sodium thiosulfate was used alone as a sulfur source, the XRD of the calcined
samples (figure 5.11) showed no evidence of the formation of any sodium titanate
crystals. However, when sodium thiosulfate was used in the presence of
diaminopropane, silver nitrate and aluminium nitrate, the crystalline sodium titanate
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Na2Ti6O13 was formed279-281 (figure 5.13). At 500 °C the sample is anatase, as the
temperature increases Na2Ti6O13 begins to form. The formation of sodium titanate does
not reduce the intensity of the anatase peaks indicating that sodium titanate is formed
from amorphous TiO2 and not anatase. Upon further increase in the temperature (≥ 700
°C) anatase begins to transform into rutile and the crystallinity of the sodium titanate
phase increases.
5.2.1.7 Sodium titanate
To investigate why sodium titanate was formed in the co-doped powders but not in the
S-doped TiO2 powder it was necessary to eliminate additional factors and determine
what was causing sodium titanate to form. Aluminium was the first dopant to be
removed from the synthesis procedure. 3 % Ag, N, S co-doped TiO2 was synthesized
in the ratio 1:0.5:4, TTIP:DAP: Na2S2O3. X-ray diffractograms of the calcined powders
(figure 5.14) showed that the sodium titanate phase Na2Ti6O13 still formed indicating
that aluminium is not responsible for the formation of sodium titanate phase. However
differences in the powders synthesized with and without aluminium were clear.
Aluminium stabilized TiO2 phases anatase and rutile which was clearly seen in figure
5.13. When aluminium was removed from the synthesis, no titanium dioxide phases
were observed for the calcined powders (figure 5.14).
The sample Ag, N, S- TiO2 calcined at 800 °C also showed peaks representative of a
secondary sodium titanate phase, Na2Ti3O7281 which was not observed in the presence
of aluminium. Finally, N, S-co doped TiO2 (Ti:N:S, 1:0.5:4) was synthesised without any
silver or aluminium. From the XRD results it was determined that synthesis of Al, STiO2 (figures 5.10 & 5.11) does not result in the formation of sodium titanate. Al, Ag, N,
S-TiO2 produced both TiO2 anatase and rutile as well as sodium titanate (figure 5.13).
However, for samples Ag, N, S-TiO2 and N, S-TiO2, sodium titanate was the only phase
present as found by XRD (figures 5.14 & 5.15). These results demonstrate that for a
synthesis where 1,3-diaminopropane and Na2S2O3 are both involved, sodium titanate is
formed, but if aluminium is present, TiO2 phases anatase and rutile exist along with
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sodium titanate. Therefore, it can be deduced that the use of diaminopropane with
sodium thiosulfate results in the formation of sodium titanate materials.
The basicisity of diaminopropane may facilitate the inclusion of the sodium cation from
sodium thiosulfate into the TiO2 matrix therefore promoting the formation of sodium
titanates. When sodium thiosulfate was used without diaminopropane, no sodium
titanates were formed. This may also explain why sulfur was not included in the TiO2
lattice. The addition of sodium thiosulfate without the presence of a base did produce
the most active photocatalyst however, since no evidence of sodium titanate was found
for S-TiO2, it may be postulated that sodium cations do not remain throughout the
condensation and calcination process but instead are possibly removed through during
the filtration and washing of the synthesized powders. Since sodium ions are possibly
removed (through washing with deionised water) during the synthesis of S-TiO2, the
addition of 1, 3-diaminopropane must cause the retention of sodium ions around the
hydrolysed titanium metal chains. The retention of the sodium ions around the
hydrolysed titanium chains results in the formation of TiO6 octahedra surrounding
sodium ions. As the condensation process proceeds, sodium titanate is formed instead
of TiO2. Baliteau et al reported on the sol-gel synthesis of sodium titanates using
titanium butoxide as the titanium precursor and sodium hydroxide (NaOH) as the
sodium source.279 In the N, S-TiO2 system the presence of the basic 1,3diaminopropane may have the same effect as the basic NaOH for production the of
Na2Ti6O13.279 Therefore, it can be postulated that for the sol-gel synthesis of Na2Ti6O13,
basic conditions are required.
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Figure 5.14. X-ray diffractogram of 3 % Ag, N, S co-doped TiO2, 1:0.5:4 Ti:N:S
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Figure 5.15. X-ray diffractogram of N, S co-doped TiO2, 1:0.5:4 Ti:N:S
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Diffuse reflectance studies of 3 % Ag, 1 % Al, S, N-TiO2 showed that the formation of
sodium titanate did not cause a significant band gap shift. However at a calcination
temperature of 800 °C there was a noticeable band gap reduction as seen by the red
shift in the spectra (figure 5.16). This was due to the formation of rutile.
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% R eflectance
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Figure 5.16. Diffuse reflectance spectra of 3 % Ag, 1 % Al, S, N-TiO2 calcined at various
temperatures

With previous samples, nitrogen was successfully inserted into the TiO2 lattice resulting
in visible light absorption as seen in figures 5.4 and 5.9. In figure 5.16 it is clear that the
sample is not visible light active indicating that nitrogen is not included in the TiO2
lattice. Therefore, the presence of additional dopants such as silver, aluminium and
sulfur (from sodium thiosulfate) restrict or block nitrogen from being substituted with
lattice oxygen in TiO2. This may be due to the occurrence of additional reactions that
occur between the dopant sources.
Diffuse reflectance spectra of the sample without aluminium show that nitrogen is not
inserted into the TiO2 lattice. The sample synthesized without silver and aluminium
does not show visible light absorption (figure 5.17) indicating that neither aluminium nor
silver block nitrogen from entering the crystal lattice.
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Figure 5.17. Diffuse reflectance spectra of S, N-TiO2 calcined at various temperatures

The diffuse reflectance results indicate that sodium thiosulfate is inhibiting nitrogen
insertion into the TiO2 lattice. This result supports the findings drawn from the XRD
results where it was believed that diaminopropane reacts with sodium thiosulfate
allowing sodium ions to be involved in the crystallization process thus forming sodium
titanates. Further evidence for sodium ions interacting with diaminopropane can be
drawn from the fact that TiO2 synthesised from diaminopropane without sodium
thiosulfate resulted in nitrogen insertion into the crystal lattice and visible light
absorption but in the presence of sodium thiosulfate, visible light absorption was not
achieved indicating that nitrogen did not substitute lattice oxygen. In figure 5.17 it can
also be seen that the sample calcined at 800 °C was significantly blue shifted indicating
an increase in band gap. This may be due to the increased crystallinity of the sodium
titanate phase as seen from the XRD (figure 5.15).
Applications of sodium titanates include photocatalysis281 and the photocatalytic activity
of the synthesized sodium titanates was compared with that of TiO2 powders shown
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previously. To maintain consistency methylene blue was the model pollutant used for
degradation studies.
Use of multiple dopants did not cause significant improvement in the photocatalytic
activity of the materials (table 5.4). On comparison of the multiple doped materials with
S-TiO2 there was a substantial reduction in the degradation rate constant. The most
active S-TiO2 sample degraded methylene blue at a rate of 43.1 x 10-2 min-1 compared
with best performing co doped sample S, N-Na2Ti6O13 (12.0 x 10-2 min-1).
Table 5.4. First order rate constants for methylene blue degradation with co doped TiO2

Ti:N:S
molar ratio

Calcination
Temperature (°C)

Rate Constant
(min-1, x 10-2)

1:0.5:4

500

4.7

1:0.5:4

600

6.1

1:0.5:4

700

4.5

1:0.5:4

800

2.5

1:0.5:4

500

2.2

1:0.5:4

600

2.6

1:0.5:4

700

3.8

1:0.5:4

800

4.9

S, N- Na2Ti6O13

1:0.5:4

500

9.2

S, N- Na2Ti6O13

1:0.5:4

600

7.9

S, N- Na2Ti6O13

1:0.5:4

700

12.0

S, N- Na2Ti6O13

1:0.5:4

800

3.6

Sample
3 % Ag, 1 % Al, S, NTiO2 & Na2Ti6O13
3 % Ag, 1 % Al, S, NTiO2 & Na2Ti6O13
3 % Ag, 1 % Al, S, NTiO2 & Na2Ti6O13
3 % Ag, 1 % Al, S, NTiO2 & Na2Ti6O13
3 % Ag, S, NNa2Ti6O13
3 % Ag, S, NNa2Ti6O13
3 % Ag, S, N-Na2Ti6O13
3 % Ag, S, NNa2Ti6O13
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Infrared spectroscopy was employed to determine the diaminopropane-titanium
interactions and to find how the addition of aluminium and sodium thiosulfate affect the

% Transmission

atomic structure of the materials before calcination occurs.
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Figure 5.18. Infrared spectrum of N-TiO2

Previously, researchers have shown through X-ray crystallography that both the
nitrogen atoms from diaminopropane coordinate to metal centres to form a six
membered ring.282-285 The IR spectrum of N-TiO2 shown in figure 5.18 shows signals at
1612 and 1503 cm-1 caused by NH2 vibrations indicating that nitrogen is chelated to the
titanium metal centre increasing its coordination number to six, forming a chelated
complex as shown in figure 5.19.
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Figure 5.19. Diaminopropane chelated to titanium tetraisopropoxide

Modification of titanium alkoxides with chelating agents is known to promote thermally
stable anatase phase at increased temperatures.172 However, the employment of
chelating agents for the synthesis of stable anatase typically involves the formation of
bridging structures that promote the formation of polymeric chains with extensive cross
linking.217 These chains remain stable throughout much of the condensation process,
resulting in extended anatase to rutile transformation temperatures.207,220 The opposite
is occurring with the addition of diaminopropane and instead of the formation of a
highly branched polymeric structure, monomeric titanium amine structures are formed
that may interact with neighbouring titanium amines through hydrogen bonding. During
the condensation process the monomeric structures with little or no cross-linking are
structurally weak and will readily collapse under calcination to form rutile as was seen
through XRD. An infrared spectrum of Al, Ag, S, N-TiO2 was identical to that shown in
figure 5.18 but as was seen with XRD, once aluminium is removed from the synthesis,
sodium ions become predominant in the reaction pathway thus forming sodium
titanates.
The infrared spectrum of N, S-TiO2 without the presence of aluminium (figure 5.20)
shows that diaminopropane is not coordinating to titanium as was the case previously.
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Figure 5.20. Infrared spectrum of N, S-TiO2

The broad peak at 1605 cm-1 is assigned to the thiosulfate ion (S2O32-) but it most likely
overlaps with NH2 bending frequencies. Peaks at 1332 and 1117 cm-1 also show the
presence of sodium thiosulfate. The IR spectrum shows that the thiosulfate ion has not
been removed indicating that sodium ions may also be present. Diaminopropane may
preferentially chelate to sodium or chelated sodium may coexist with chelated titanium.
It may be the ability of diaminopropane to interact with sodium thiosulfate that causes
sodium ions to participate in the reaction pathway. The retention of sodium ions during
condensation results in the formation of sodium titanate.
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5.3

Conclusions

A variety of dopant sources and synthesis techniques were employed for the doping of
TiO2. The resulting materials were characterised and the photocatalytic efficiency was
examined. Modification with aluminium was shown to stabilise titanium dioxide as
anatase at higher temperatures than TiO2 synthesised without aluminium. Nitrogen was
successfully inserted into the TiO2 lattice through a simple sol-gel technique. Visible
light absorption of N-TiO2 was shown through diffuse reflectance spectroscopy. With
optimum N and Al amounts determined, a combination of Al, N-TiO2 materials was
synthesised. N doped TiO2 powders were modified with silver in an attempt to reduce
recombination therefore increasing the photocatalytic activity. The resulting silver
modified materials showed slightly improved degradation rates.
Dimethylsulfoxide and sodium thiosulfate were investigated as potential sources for the
synthesis of sulfur doped TiO2. Neither source produced visible light activated TiO2 but
S-TiO2 synthesised from Na2S2O3 resulted in powders that could degrade methylene
blue at greater rates (0.43 min-1) than the industrial standard, Degussa P25 (0.29 min1

).

Optimum dopant amounts were determined and a combination of Al, Ag, N and S was
used to synthesise TiO2 materials.
It was discovered that the addition of sodium thiosulfate in the presence of
diaminopropane results in the formation of sodium titanates. Aluminium was found to
inhibit the influence of sodium and give TiO2 anatase and rutile as dominant phases
beside sodium titanate, but without the presence of aluminium, sodium titanates were
the only phase formed indicating that aluminium stabilised TiO2 anatase and rutile but
without aluminium, the presence of 1,3-diaminopropane resulted in the retention of
sodium from Na2S2O3, therefore forming sodium titanate.
Through infrared spectroscopy it was determined that diaminopropane chelates to
titanium forming a six membered ring, the chelated titanium amine results in the
formation of titanium isopropoxide monomeric units that readily form rutile at low
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temperatures. The inclusion of sodium thiosulfate results in the formation of a different
complex that, when calcined, forms sodium titanate.
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6 Sol-Gel Synthesis of Zinc Oxide/Titanium
Dioxide Hybrid and the Resulting
Formation of Zinc Titanates
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6.1

Introduction

In the previous chapter it was shown that when sodium ions are present during the
calcination of the samples, sodium titanates can form. This chapter presents results
that were found when the synthesis of zinc oxide-titanium dioxide heterojunctions was
attempted through a sol-gel route. Nano composites of both ZnO and TiO2
semiconductors have been reported to show high photocatalytic activity. It is believed
that high photocatalytic activity is caused by the promotion of charge separation,
slowing down electron/hole recombination, therefore facilitating the photocatalytic
mechanism.286-288 Problems associated with the simultaneous synthesis of ZnO/TiO2
composites is the formation of zinc titanates.
The simultaneous synthesis of a ZnO/TiO2 composite usually results in the formation of
one or more of the three known compounds from the ZnO-TiO2 system. They are
Zn2TiO4 (zinc orthotitanate) with cubic spinel crystal structure, Zn2Ti3O8 with cubic
defect spinel structure and ZnTiO3 (zinc metatitanate) with rhombohedral ilmenite
structure.289-292 Zn2Ti3O8 is the metastable, low temperature form of ZnTiO3292 but pure
ZnTiO3 is not easily obtained because it transforms into Zn2TiO4 and rutile.290,291
Zinc orthotitanate (Zn2TiO4) is an inverse spinel that has been used as a catalyst and a
pigment.293 As a catalyst it is used as sorbent for the removal of sulfur from coal
gasification product gases, in hot gas desulfurization units, at temperatures in the
range 400 – 700 °C. Zinc orthotitanate can easily withstand these temperatures and it
is also one of the leading regenerable catalysts.293-299 Zn2TiO4 may also be used for the
photocatalytic splitting of water and the photocatalytic degradation of organic
compounds.300 Like other semiconductor photocatalyts, it has a wide band gap (3.1 eV)
restricting its photocatalytic activity to UV light.300,301 It is usually synthesized by solid
state reaction at high temperatures and typically, when a temperature below 1000 °C is
used; longer heat treatments times are required.314,315,317,319,323 Alternative synthesis
methods have been employed such as the co-precipitation method. Heat treatment at
700 °C for 2 hours resulted in the formation of zinc orthotitanate, but secondary phases
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were also present.295 A single phase material was obtained by Lew et al using the
citrate method followed by heat treatment at 720 °C for 12 h.297 Spinel type Zn2TiO4
was prepared by solid state reaction of ZnO and TiO2 in molar ratios 3:2 at 1350
°C.302,303
In the present study, a range of ratios of titanium and zinc precursors have been
employed for the synthesis of ZnO/TiO2 systems. The calcined powders were
investigated by XRD and in order to investigate the molecular structure of the
amorphous samples, FTIR and Raman spectroscopic techniques were employed. At
optimum molar ratios, pure Zn2TiO4 was formed under low heating temperatures for
short periods of time.

6.2
6.2.1

Results
Excess of titanium precursor

Several researchers have investigated the phase changes associated with zinc
titanates.290,291,304,305 The three crystal structures known to exist in the ZnO-TiO2 system
include; Zn2TiO4 (zinc orthotitanate), ZnTiO3 (zinc metatitanate) and Zn2Ti3O8.289-292,304
Zn2Ti3O8 is widely regarded as being a metastable form of ZnTiO3.292 However,
Sheinkman et al found that Zn2Ti3O8 formed when anatase TiO2 was used as the
starting TiO2 materials in a solid state synthesis but when rutile was used, ZnTiO3 was
formed instead.304,305 These results were attributed to the similarity in crystal structure
between anatase and Zn2Ti3O8 in one case and similarities between rutile and ZnTiO3
in the other. Much research has been carried out on the solid state synthesis of these
materials, but sol-gel synthesis has received less attention.
From the sol-gel synthesised materials in this investigation, upon calcination some
interesting trends were observed. It was possible to estimate the phase compositions
through integration of the largest, non-overlapping peaks as was shown by Yang et
al.305 The calculated phase compositions of samples TZ-4:1, TZ-4:2 and TZ-4:3 are
shown in figures 6.1, 6.2 and 6.3.
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Figure 6.1. Percentage phase composition of TZ-4:1
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Figure 6.2. Percentage phase composition of TZ-4:2
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Figure 6.3. Percentage phase composition of TZ-4:3

Sample TZ-4:1 has the greatest excess of titanium precursor when compared with the
other samples. This is clearly reflected in the composition of the phases. The titanium
dioxide phases, anatase and rutile dominate the sample compositions at all calcination
temperatures. Anatase dominates at temperatures 400 – 600 °C and from 700 – 1000
°C rutile is the predominant phase. At calcination temperatures 400 and 500 °C, TiO2
(87 %) and ZnO (13 %) exist separately. At 600 °C the metastable306 zinc metatitante
(7 %, ZnTiO3) begins to form, the crystallisation of zinc metatitante then accelerates as
the temperature increases. At 700, 800 and 900 °C the sample is composed of 30 – 40
% zinc metatitante. Traces of the cubic spinel Zn2Ti3O8 (2 – 3 %) can be found at 800
and 900 °C and at 1000 °C zinc orthotitante (42 %) and rutile are the only phases
present.
As the amount of zinc precursor is increased (TZ-4:2 and TZ-4:3) the titania phase
concentration is reduced and the amount of zinc titanates present increases as
expected. As shown with TZ-4:1, for TZ-4:2 at 400 and 500 °C anatase (85 %) and zinc
oxide are the only phases present, this is also seen for TZ-4:3 at 400 and 500 °C. As
the temperature increases zinc titantes begin to form. It is interesting to note that at 600
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°C, rutile is present for TZ-4:1, but rutile doesn’t form until 700 °C for TZ-4:2 and TZ4:3. Indicating that increased amounts of zinc precursor, delay the anatase to rutile
transformation which is the opposite to that observed by Liu et al.306 Samples TZ-4:2
and TZ-4:3 also contain anatase at 700 °C, TZ-4:1 does not, providing further evidence
that increased amounts of zinc precursor delay the anatase to rutile transformation.
Increased amounts of zinc precursor also promote formation of the cubic spinel
Zn2Ti3O8 structure. For TZ-4:1, it forms at 800 °C (3 %), it is seen at 700 °C with TZ-4:2
(9 %) and it forms at 600 °C for TZ-4:3 (12 %). Also, as can be expected, at 1000 °C all
samples consist of only zinc orthotitanate and rutile. As the amount of zinc precursor is
increased, the amount of zinc orthotitanate is also increased in an almost linear
manner. Titanium:zinc ratios of 4:1 give 60/40 rutile/zinc orthotitante, ratios of 4:2 give
40/60 and a ratio of titanium:zinc 4:3 gives 80 % zinc orthotitante and 20 % rutile. A
similar pattern is also observed for zinc metatitante but with other phases (such as
Zn2Ti3O8 and rutile) also present. For all samples, the percentage of zinc metatitante at
800 and 900 °C was almost identical to the amount of zinc orthotitanate at 1000 °C
indicating a direct transformation zinc metatitanate to zinc orthotitanate.
6.2.2

Excess of zinc precursor

The X-ray diffractogram of TZ-1:4 (figure 6.4) shows that ZnO is the only crystal
structure present at temperatures 400 and 500 °C. Zn2Ti3O8 begins to form at 600 °C,
and from 700 – 1000 °C, Zn2Ti3O8 and zinc oxide peak intensity grows stronger,
indicating an increase in crystallinity for both phases. There are no TiO2 phases
present at any temperature.
As the titanium precursor was increased, TZ-3:4, anatase is present along with zinc
oxide at calcination temperatures 400 and 500 °C (figure 6.5). At 600 and 700 °C the
metastable Zn2Ti3O8 is the only phase present. At 800 °C zinc metatitanate forms along
with Zn2Ti3O8 and at 900 °C the sample consists of zinc metatitante and either Zn2Ti3O8
or zinc orthotitanate which is unclear due to similarities in the X-ray inflections. At 1000
°C zinc orthotitanate is the dominant phase with trace amounts of rutile present.
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Figure 6.4. XRD of TZ-1:4, Z-ZnO and #-TiZn2O4
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Figure 6.5. XRD of TZ-3:4, R-rutile, Z-ZnO, +-ZnTiO3 and #-TiZn2O4
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Figures 6.6, 6.7 and 6.8 summarises the compositions for samples TZ-1:4, TZ-2:4 and
TZ-3:4. For lower calcination temperatures the primary zinc oxide peak was
overlapping with Zn2Ti3O8 (and zinc orthotitanate) peak and as such the composition
percentages could not be determined at temperatures 400 – 600 °C. However, from the
XRD diffractograms (figure 6.4 and 6.5) it can be seen that zinc oxide is the only phase
present at temperatures 400 and 500 °C for TZ-1:4 (figure 6.4) and the same was seen
for TZ-2:4, however, figure 6.5 (TZ-3:4) shows that both anatase and zinc oxide are
present at 400 and 500 °C, while at 600 and 700 °C the only the metastable Zn2Ti3O8
exists. From figures 6.6, 6.7 and 6.8, it is clear that the amount of Zn2Ti3O8 increases
with increasing amounts of titanium precursor at temperatures 700 – 900 °C. The same
trend is also noticed for zinc orthotitanate. Results infer that Zn2Ti3O8 directly
transforms into zinc orthotitanate without affecting the zinc oxide crystal as can be seen
for samples TZ-1:4 and TZ-2:4 (figure 6.6 and 6.7). Results for sample TZ-3:4 (figure
6.8) indicate the same direct Zn2Ti3O8 to zinc orthotitanate transformation with the
minor phase, zinc metatitanate transforming to rutile.
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Figure 6.6. Phase composition of TZ-1:4
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Figure 6.7. Phase composition of TZ-2:4
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Figure 6.8. Phase composition of TZ-3:4

The results show that near identical amounts of Zn2Ti3O8 transform to zinc orthotitanate
when zinc precursor is in excess over titanium, this behaviour is distinctly different to
the excess titanium system where results showed that zinc metatitanate transformed to
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zinc orthotitanate. Since this synthesis is not a typical solid state reaction but a sol-gel
reaction of titanium and zinc precursors, it is necessary to understand if the amorphous
metal oxide structure influences the final crystalline structure. Therefore, to determine
what is happening with the metal oxide system in the early stages of the reaction, FTIR
and Raman spectroscopic techniques were carried out on the samples before
calcination to determine the structure of the amorphous metal-oxide frameworks.
6.2.3

Infrared spectroscopy

6.2.3.1 Excess titanium precursor
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Figure 6.9. IR spectra of TZ-4:1 and TZ-4:3
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Table 6.1. Assigned frequencies for IR spectra of TZ-4:1 and TZ-4:3.

Observed frequency (cm-1)

Assignments

1719

vasym(COO-) titanium oxalate

1619

vasym(COO-) zinc oxalate

1384

vsym(COO-) titanium oxalate

1364

vsym(COO-) zinc oxalate

1320

vsym(COO-) zinc oxalate

1237

vsym(COO-) titanium oxalate

816

δasym(O-C-O) zinc oxalate

495

v(M-O) and δasym(C-C-O) zinc oxalate

Figure 6.9 shows the IR spectra of samples TZ-4:1 and TZ-4:3 before calcination. The
assigned signals are summarized in table 6.1. The zinc oxalate signals are in
agreement with Gabal et al.307 Asymmetric (1719 cm-1) and symmetric carboxylate
stretches (1384 and 1237 cm-1) are assigned to titanium oxalate. Comparing the IR
spectra shown in figure 6.9 it can be seen that the presence of additional amounts of
zinc cause an increase in the zinc oxalate vasym(COO-) stretch at 1619 cm-1 relative to
its titanium oxalate equivalent at 1719 cm-1. There is also an increase in the vsym(COO-)
stretches of zinc oxalate (1364 and 1320 cm-1) compared to their titanium counterpart
(1384 and 1237 cm-1). These results are to be expected as an increase in zinc oxalate
is going to provide an increase in the resulting peak intensities. The initial amounts of
titanium and zinc will therefore control the composition of the metal oxalate chain. Any
infrared features typical of Ti-OR coordination bonds308 are not present in figure 6.9,
suggesting that a polymeric zinc/titanium oxalate exists where OR groups have been
removed through hydrolysis/condensation reactions from the sol-gel synthesis.308

141

6.2.3.2 Excess zinc precursor
When excess titanium is present XRD has shown that at low calcination temperatures
(400 – 600 °C) anatase TiO2 is favoured over zinc oxide and at higher temperatures
(700 – 1000 °C) rutile TiO2 dominates while zinc metatitanate transforms into zinc
orthotitanate between 900 and 1000 °C.
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Figure 6.10. IR spectra of TZ-1:4 and TZ-3:4

The IR spectra of samples TZ-1:4 and TZ-3:4 are shown in figure 6.10 with peaks of
interest labelled. For TZ-1:4 peaks at 1720, 1401 and 1245 cm-1 which represent COOasym

and COO-sym of titanium oxalate respectively are significantly decreased when

compared with the IR spectrum of TZ-4:1 (figure 6.9). However, as the titanium ratio
increases (TZ-3:4), peaks at 1720, 1401 and 1245 cm-1 appear, indicating the presence
of titanium oxalate in the metal oxalate chain. Peaks at 816 and 493 cm-1 representing
δasym(O-C-O) and v(M-O), δasym(C-C-O) respectively are more intense for sample TZ-
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1:4 than for TZ-3:4. Again this shows that with greater amounts of zinc precursor, zinc
oxalate dominates the metal oxalate chain network.
Symmetric and asymmetric carboxylate stretches from titanium and zinc oxalate are
clearly present in shown IR spectra. As expected when the zinc precursor is in excess,
carboxylate stretches of titanium oxalate are weak. However, when titanium is in
excess, strong signals representative of zinc oxalate are still clear. This can be
explained through the synthesis where zinc acetate is first reacted with oxalic acid to
give zinc oxalate before titanium isopropoxide is added. Therefore, TTIP can chelate
with unreacted oxalic acid.
6.2.4

Raman spectroscopy

6.2.4.1 Excess titanium precursor
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Figure 6.11. Raman spectra of TZ-4:1 and TZ-4:3

Figure 6.11 shows the Raman spectra of the samples TZ-4:1 and TZ-4:3 where
titanium is in excess. The range 0-1000 cm-1 represents the M-O stretches of the
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material. Peaks at 158, 418, 540 and 643 cm-1 are similar to those of the anatase four
peak pattern.222-224 It has been previously reported that during the crystallization
process, titanium hydrolysate forms anatase/rutile like structures that can be detected
by Raman. These Raman spectral patterns then disappear before the material
crystallizes into anatase.224 Raman studies show that Ti-O structures are dominating
the metal oxide framework during the early processes of the reaction. This is expected
as the titanium precursor is in excess over that of the zinc precursor. When the zinc
precursor exceeds the titanium precursor, Raman spectra with different spectral
profiles are obtained.
6.2.4.2 Excess zinc precursor
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Figure 6.12. Raman spectra of TZ-1:4, TZ-2:4 and TZ-3:4

The Raman spectra of excess zinc samples TZ-1:4, TZ-2:4 and TZ-3:4 is shown in
figure 6.12. Peaks representative of the anatase four peak pattern222-224 are present at
155, 415, 545 and 615 cm-1 for samples TZ-2:4 and TZ-3:4. All other signals in the
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region 0 – 1000 cm-1 are believed to be caused by Zn-O contributions. There is a large
signal at 1495 cm-1 due to (COO-)sym stretching of the oxalate group. Comparing peak
intensities of 1495 cm-1 with M-O peaks it is clear that this signal is largest relative to its
surrounding peaks for TZ-1:4 and as the titanium ratio increases, the carboxylate peak
decreases. Again, this is evidence of the dominant effect of zinc oxalate in the metal
oxalate chain. The Raman spectra of TZ-2:4 and TZ-3:4 give similar peak positions to
each other but on comparison of the profile of TZ-1:4, it can be seen that TZ-1:4 gives
a spectrum that contains no similarities with either TZ-2:4 and TZ-3:4. In the spectra of
TZ-2:4 and TZ-3:4 the increased levels of titanium lead to signals at 155, 415, 545 and
615 cm-1, but the spectrum of TZ-1:4 does not display these peaks. It was therefore
speculated that all peaks shown in the spectrum of TZ-1:4 (figure 6.12) arise from Zn-O
stretches.
The presence of the highlighted peaks show the dominant influence of the titanium as
the ratio is increased. Comparison of figure 6.11 with figure 6.12 also shows that Ti-O
bonds give exceptionally higher Raman signals than Zn-O. It can also be shown upon
comparison of both IR and Raman spectra that there is no coincidence between the
peak profiles of either. This suggests that the rule of mutual exclusion may be applied
to the titanium-zinc oxalate structures.309 Applying the rule of mutual exclusion would
indicate a centrosymmetric structure, where the metal atoms occupy a position
equidistant from the coordinating oxygens.309 Summarising the spectroscopic results it
has been demonstrated that:


Oxalic acid chelates to titanium to form titanium oxalate



Increasing zinc oxalate causes reduction in asymmetric and symmetric carboxylate
stretches from titanium oxalate and an increase in the symmetric stretch in Raman



When Ti is in excess, the anatase four peak pattern dominates the Raman spectra
and there is a broad signal without significant individual peak contributions in IR
(400 – 1000 cm-1)



When Zn is in excess, the four peak pattern is reduced in Raman and the IR
spectra show individual peaks representative of O-C-O and M-O from zinc oxalate
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There is a metal oxalate chain composed of titanium and zinc



Asymmetric and symmetric carboxylate stretches for zinc oxalate are always
present in the IR spectra, but carboxylate stretches are only present for titanium
oxalate at high ratios of the titanium precursor



The rule of mutual exclusion can be applied, indicating the presence of a symmetric
molecule

6.3

Discussion

The structure of zinc acetate was previously reported by Niekerk et al, they found that
zinc was six-coordinated to acetate ligands and water. The acetate ligands were found
to have chelating bidentate coordination, with two water molecules also coordinated to
the zinc atom (figure 6.13).310 Ishioka et al also showed the structure of zinc acetate
dihydrate (figure 6.13) through X-ray crystallography.311

H3C

CH3
C

C

O O
O

O
Zn
H

O
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H H
Figure 6.13. Molecular structure of zinc acetate dihydrate.

Reacting oxalic acid with zinc acetate forms the intermediate zinc oxalate (eqn. 6.1) as
presented by Kanade et al.312
Zn(CH3COO)2.2H2O + H2C2O4 → ZnC2O4.2H2O + 2HOAc + 2H2O Equation 6.1
X-ray crystallographic studies of zinc oxalate show that zinc is octahedrally coordinated
to six oxygen atoms313,314 as shown in figure 6.14a. It is also been shown that divalent
metal cations and oxalate groups generate an infinite chain arrangement as depicted in
figure 6.14b.315,316
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Figure 6.14. Molecular structure of zinc oxalate dihydrate (a) and the infinite chain
arrangement (b).

Thermal treatment of zinc oxalate leads to the formation of zinc oxide. TGA/DTA
studies have shown the removal of water at 120 °C and the decomposition of zinc
oxalate at 400 °C as shown in equation 6.2.312
ZnC2O4.2H2O + ½O2 → ZnO + 2CO2 + 2H2O

Equation 6.2

The system under investigation in this study is not zinc oxalate alone but it also
includes varying ratios of titanium isopropoxide (figure 6.15a) which consists of
monomeric units.179 It has been previously reported that acetic acid,172,207 formic acid317
and acetyl acetone200 chelate to titanium isopropoxide. As was shown with zinc
oxalate,315,316 titanium isopropoxide also forms chains upon reaction with a chelating
agent figure 6.15b.192-194
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Figure 6.15. Molecular structure of titanium isopropoxide (a) and chelated titanium
isopropoxide, titanium acetate (b)
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During the sol-gel reaction of titanium alkoxides, the OR groups are preferentially
hydrolysed while the ligands remain tightly bound throughout much of the condensation
process. This promotes the formation of linear chains of Ti-O polymers composed of
edge sharing octahedra.207,220 The formation of these octahedra stabilises TiO2 as
anatase, lowering the anatase to rutile transformation temperature.207,220
Previous research has shown the structure of zinc oxalate313,314 and titanium
carboxylates.172,207,317 However, to the best of the author’s knowledge a combination of
structures has not previously been investigated. From the results shown through IR
and Raman it is known that titanium and zinc oxalate are present (figure 6.16), but it
can not be shown if titanium oxalate chains exist separately from zinc oxalate chains or
do they combine. X-ray diffraction results showed that initially crystalline ZnO or TiO2
anatase formed separately and at higher calcination temperatures, zinc titanates were
formed. This indicates that there were two separate metal oxalate chains formed during
the synthesis (figure 6.16a & b).
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Figure 6.16. Proposed structures of metal oxalate chains formed, zinc oxalate (a) and
titanium oxalate (b)
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As the condensation process proceeds with excess titanium (TZ-4:1), TiO6 octahedra
form TiO2 anatase and ZnO4 tetrahedra form ZnO (wurtzite). As the calcination
temperature becomes more intense (≥ 600 °C), the TiO6 octahedra and ZnO4
tetrahedra undergo molecular rearrangement and phase transformation occurs. Zinc
oxide tetrahedral and TiO6 octahedra undergo further atomic movement and combine
to form zinc titanates and rutile. The metastable zinc metatitanate and stable rutile exist
at 800 and 900 °C with trace amounts of Zn2Ti3O8 also present. At 1000 °C zinc
metatitanate and Zn2Ti3O8 decompose to form zinc orthotitanate, rutile remains the
dominant phase. As the amount of zinc precursor increases (TZ-4:2 and TZ-4:3), the
materials behave in a similar manner but with increasing amounts of zinc oxide at early
calcination temperatures (400 and 500 °C) and greater amounts of zinc titanates at
temperatures ≥ 700 °C. It is clear from the results (figure 6.1, 6.2 and 6.3), that the
percentage of zinc titanate at 700 °C is very similar to the final percentage of zinc
orthotitanate. The results have shown that at temperatures 700 – 900 °C for samples
with excess titanium precursor, zinc metatitante is the dominant zinc titanate phase and
is stable up to 900 °C, it then undergoes complete transformation to form zinc
orthotitanate. Phase transformation is almost 100 % zinc metatitante to zinc
orthotitanate, however, results do show that rutile is also formed. Calculated values for
percentage conversion are 90 % for TZ-4:1, 93 % for TZ-4:2 and 98 % for TZ-4:3
reflecting an increase in conversion in line with increasing zinc precursor ratio.
Three different molar ratios where zinc precursors are in excess over titanium were
also prepared. All three behaved differently to those where titanium was in excess. For
all samples where zinc is in excess, accurate compositions at calcination temperatures
400 – 600 °C could not be obtained from the X-ray diffractograms as the peaks were
not resolved but from the diffractograms it was clear that zinc oxide was the dominant
phase at early temperatures with anatase also present in small amounts. However, the
percentage composition was calculated from results of temperatures 700 °C onwards
(figure 6.6, 6.7 and 6.8). When titanium was in excess a clear transformation of large
compositions of zinc metatitanate to zinc orthotitanate was noticed. With excess zinc,
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zinc metatitanate is not present in TZ-1:4, for TZ-2:4, trace amounts of zinc
metatitanate are present at 800 and 900 °C and as the titanium ratio increases (TZ3:4), larger amounts of zinc metatitanate are present at calcination temperatures 800
and 900 °C. With excess zinc, Zn2Ti3O8 was the dominant, metastable phase formed at
temperatures 700 – 900 °C, total phase transformation occurred at temperatures > 900
°C and zinc orthotitanate was formed. Unlike the excess titanium system where zinc
metatitanate transformed to zinc orthotitanate and rutile with conversion percentages of
between 90 – 98 %, when zinc was in excess it was Zn2Ti3O8 combining with zinc oxide
transforming into zinc orthotitanate. Conversion percentages of Zn2Ti3O8 of greater
than 100 % were calculated for TZ-1:4 (104 %), TZ-2:4 (101 %) and TZ-3:4 (107 %),
values greater than 100 % are achieved because unlike zinc metatitanate that
transforms to zinc orthotitanate and rutile, it appears that when zinc precursor is used
in excess, Zn2Ti3O8 is the favoured phase and it combines with zinc oxide to form zinc
metatitanate.
The structures of all zinc titanates studied here share common features; they all consist
of TiO6 octahedra that are connected over common edges.306 Anatase displays
similarities with the spinel structures of Zn2TiO4 and Zn2Ti3O8 but ZnTiO3 shares its
structure with rutile.306,318 As such, it has previously been suggested that the formation
of Zn2TiO4 and Zn2Ti3O8 is limited by the presence of anatase and ZnTiO3 only forms in
the presence of rutile.289,319 However, subsequent researchers have shown that this is
not necessarily the case.305,306,319 Results from the present study show that for samples
where titanium is in excess (TZ-4:1, TZ-4:2 and TZ-4:3) anatase and zinc oxide are
present during the early stages of crystallisation (400 – 600 °C) and as the calcination
temperature increases, zinc metatitanate is formed, greater amounts of metatitanate
are formed with an increased percentage of zinc oxide. These results suggest that in a
sol-gel synthesis, the formation of zinc metatitanate is determined by the not only the
presence of titanium dioxide (anatase or rutile) but also on the presence of zinc oxide.
With excess zinc precursor (TZ-1:4, TZ-2:4 and TZ-3:4), zinc oxide was the dominant
crystalline phase for calcination temperatures 400 – 600 °C and as the temperature
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increased, Zn2Ti3O8 became the dominant phase, transforming to zinc orthotitanate at
1000 °C. Again this result shows that anatase is not necessary for the formation of
Zn2Ti3O8 and that the percentage of zinc oxide influences what zinc titanate phase is
formed. Photocatalytic studies of the synthesised materials displayed extremely weak
photocatalytic activity.

6.4

Conclusions

A series of different phases of zinc titanate powders were successfully synthesised
using a simple sol-gel technique. The effect of varying ratios of zinc/titanium precursors
was investigated. The powders were calcined at temperatures ranging from 400 – 1000
°C and the crystalline phases of the powders were determined using X-ray diffraction.
To determine the molecular structures of the samples before they underwent
calcination, infrared and Raman spectroscopy were employed. Possible structures of
zinc oxalate and titanium oxalate were proposed, based on spectroscopic results
obtained and from what is known from the literature. It was suggested that both the
titanium oxalate and the zinc oxalate remain separate throughout the reaction which
may be shown through XRD results of the powders calcined at low temperatures.
It was shown that low percentages of zinc oxide result in the formation of the
metastable zinc metatitanate which ultimately transforms (90 – 98 % conversion) to
zinc orthotitanate (< 900 °C) with rutile from 700 °C onwards. When zinc oxide is the
dominant structure during the early stages of crystallisation (400 and 500 °C), Zn2Ti3O8
is the zinc titanate phase preferentially formed as the calcination temperature
increases. It transforms to zinc orthotitanate at 1000 °C.
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7 Future Work
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7.1

Investigate Alternative Carboxylate Chelating Agents

Much work has been carried out on the effect of organic chelating groups to titanium
isopropoxide. Acetyl acetone,200 alkanolamines,201 and diols202 are some of the organic
chelating agents that have been investigated. Throughout chapters 3 and 4, this thesis
focused on how the simplest carboxylic acid, formic acid interacts with titanium
isopropoxide. Previous work carried out in our laboratory also looked at another simple
carboxylic acid, acetic acid as a chemical modifier. Both were shown to result in the
formation of anatase TiO2 that is stable at increased temperature. However, there is a
wide range of more complex carboxylic acids that need to be investigated. For example
zinc oxide is synthesised using oxalic acid and although chapter 6 presented results
showing that titanium oxalate may be formed when titanium isopropoxide is reacted
with oxalic acid, this was part of a composite system and a more thorough study of the
synthesis of TiO2 when chelated with oxalic acid is necessary.
Carboxylic acids such as malic acid or tartaric acid (figure 7.1) could also delay the
anatase to rutile transformation as well as producing nanomaterials of different shapes.
O

OH

OH

O

HO

HO

OH

OH

(a)

O

O

OH

(b)
Figure 7.1. Chemical structure of malic acid (a) and tartaric acid (b)

Dicarboxylates such as malic or tartaric acid may promote the formation of linear metal
oxide chains by acting as a branch between parallel rows of the metal oxide framework
(figure 7.2). The formation of such a network may promote the formation of edge
sharing octahedra because as upon calcination, the organic groups will be removed
from the network to leave TiO6 octahedra (scheme 7.1).
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Figure 7.2. Possible structure of malic acid chelated to titanium isopropoxide

Heat > 300 oC

Scheme 7.1. Schematic showing the removal of organic modifier under heat action to
leave edge sharing octahedra

Nitrogen doped TiO2 that remains stable as anatase may also be produced from
chelation of amino carboxylates such as 3-amino-2-(hydroxymethyl)propionic acid or 4amino-3-hydroxybutyric acid (figure 7.3 a and b).
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Figure 7.3. Chemical structure of 3-amino-2-(hydroxymethyl)propionic acid (a) and 4amino-3-hydroxybutyric acid (b)
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7.2

Incorporation of Powders into Thin Film Coatings

Schmidt et al have incorporated TiO2 powders into thin films through the creation of a
silane binder sol.320 To create clear coatings they ensured that the TiO2 particles were
of small enough size (< 20 nm) so that they would not scatter light to give white
coatings. The addition of a fluoro-organic silane modified the surface and reduced the
polarity of the nano particles (figure 7.4).

Figure 7.4. Scheme of the surface modification of the nanoparticulate TiO2320

Redispersion of the modified sols into inorganic-organic matrix sols (binders) resulted
in a suspension that could be used to dip coat or spray coat onto a substrate. Upon
application of the sol coatings, solvent evaporation proceeds causing a change in the
balance between polar and non-polar compounds in the film. This destabilises the
thermodynamic equilibrium between the modified particles and the matrix system,
allowing the functionalised, photocatalytic nanoparticles diffuse to the surface of the
coating (figure 7.5).

Figure 7.5. Proposed mechanism of the formation of thin film coating320

Exposure to sunlight activates the TiO2 photocatalytic process and the organic side
chains absorbed to the TiO2 surface are oxidised, revealing the photocatalytically active
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nanoparticles

on

the substrate-air

interface.

Titanium dioxide

particles also

photocatalytically oxidise the surrounding matrix leading to an intrinsic barrier (SiO2)
which protects the substrate from the photocatalytic reactions associated with TiO2
(figure 7.6).

Figure 7.6. Scheme of photoactivation of the protective coating320

Fluorination of TiO2 has also shown increased photocatalytic activity. Choi et al have
carried out extensive investigations on fluorinated TiO2 photocatalysis.321-323 Fluorine
adsorption onto TiO2 is known to replace surface hydroxyl groups with Ti–F (equation
7.1).
Ti–OH + F- ↔ Ti–F + OH-

Equation 7.1

Increased photocatalytic activity of F-TiO2 has been attributed to the production of
mobile OH• radicals as opposed to adsorbed OH• radicals that are formed in a typical
photocatalytic reaction.322
Taking these results into account it may be possible to produce a range of thin film
coatings from the powders synthesised throughout this thesis. The resulting
fluorinated-TiO2 thin films may provide highly effective photocatalytic materials.

7.3

Synthesis of Visible Light Active, High Temperature Anatase

The addition of aluminium showed that anatase can be stabilised at increased
temperatures. However, a decrease in the photocatalytic activity was also caused by
the addition of aluminium. Titanium dioxide doped with Fe3+ has also shown great
promise for the facilitation of visible light absorbance.324 Substitution of Ti4+ in the TiO2
lattice by Fe3+ creates additional energy states in the band gap. These additional
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energy levels cause a reduction in the band gap, allowing visible light absorption to
occur. Visible light absorption was achieved through nitrogen doping (chapter 5) but the
sample was not as effective a photocatalyst as Degussa P25 for the degradation of
methylene blue under simulated solar radiation. Metal doping may improve the
photocatalytic activity of the materials and it might also be possible to create anatase
that is stable at increased temperatures.

7.4

Antibacterial Testing

Much work is being carried out on the development of antibacterial coatings for both
the home but also for hospitals where highly sterile facilities are essential in order to
provide the necessary patient care. Our lab has investigated the photocatalytic
elimination of MRSA using visible light active materials coated onto tiles11 and we have
also studied the antibacterial effect of silver nanoparticles.325 Chapter 5 highlighted the
results of Ag-N co-doped TiO2. The materials synthesised in chapter 5 may prove to be
highly effective, indoor antibacterial agents due to not only the presence of silver, but
also the visible light activity of the N-TiO2. Further investigations of this material are
necessary using indoor lighting as an illumination source.

7.5

Nitric Oxide Degradation

Research pertaining to the photocatalytic activity of TiO2 is currently a huge area of
interest. However, in order for researchers to be able to accurately evaluate the
photocatalytic effectiveness of the materials they produce, the semiconductor
photocatalyst community must all carry out degradation reactions under identical
conditions.
Over the past three years apparatus has been gathered for the assembly of the
international standard ISO 22197-1. This is the test method for semiconducting
photocatalytic nanomaterials. It involves the photocatalytic degradation of nitric oxide
from air in a continuous flow reactor. For future photocatalytic degradation studies
concerning materials developed by this lab to be recognised for commercial
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applications, degradation studies must be carried out following an internationally
recognised procedure such as ISO 22197-1. The experimental set up which will be
assembled in the near future is outlined in figure 7.7.

Figure 7.7. A schematic of the test equipment (dimensions in millimetres)
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7.6

Conclusions

The effect of chelation on phase transformation was systematically investigated and it
was shown through IR and Raman spectroscopy that there are two possible bridging
structures for formic acid chelated to titanium isopropoxide (syn-syn and syn-anti). It
was shown that the syn-anti bridging structure was structurally weak and could readily
collapse upon calcination to form rutile.
Addition of silver was shown to block the formation of the chelated bridging structure as
shown through a reduction in the COO- peak intensity found through IR, Raman and
XPS. Without the formation of a chelated complex, anatase readily transformed to rutile
under calcination.
Aluminium doped TiO2 resulted in the formation of anatase that was stable at
temperatures up to 1000 °C. Visible light absorbing N-TiO2 materials were successfully
synthesised through a simple sol-gel process. The photocatalytic activity of the
materials was increased through the addition of silver which was accredited to reduced
recombination. Sulfur doped materials were investigated using two different sulfur
sources. Highly photoactive materials were produced from the synthesis of S-TiO2 with
sodium thiosulfate.
Sol-gel synthesis of ZnO/TiO2 hybrids from zinc acetate and titanium isopropoxide
precursors resulted in the formation of zinc titanates. Differences between the phase
transformations of the zinc titanates were observed with varying precursor ratios. When
titanium precursor was in excess over zinc precursor, zinc metatitanate was the
favoured zinc titanate phase which transformed to zinc orthotitanate (in an almost 1:1
ratio) upon calcination at 1000 °C. When zinc precursor was in excess over titanium
precursor, Zn2Ti3O8 was the favoured zinc titanate phase. It transformed to zinc
orthotitanate at 1000 °C (in an almost 1:1 ratio).
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Appendices
Appendix A: Gaussian fit of Ti2p XPS spectra with increasing amounts of
silver

Figure A.1. Ti2p XPS spectrum of 0% Ag before calcination

Figure A.2. Ti2p XPS spectrum of 1% Ag before calcination

A-1

Figure A.3. Ti2p XPS spectrum of 3% Ag before calcination

Figure A.4. Ti2p XPS spectrum of 5% Ag before calcination
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Appendix B: EDX analysis of Ag-TiO2

Figure A.5. Analysis area for EDX spectrum of 5% Ag-TiO2 calcined at 700 °C

Figure A.6. EDX spectrum of 5% Ag-TiO2 calcined at 700 °C

A-3

Table A1. Atomic weight percentages calculated from EDX of 5% Ag-TiO2 calcined at 700
°C

Element

Weight%

Atomic%

Compd%

Formula

Ti K

56.51

32.65

94.26

TiO2

Ag L

5.34

1.37

5.74

Ag2O

O

38.15

65.98

Totals

100.00

(a)

(b)

(c)

(d)
Figure A.7. Elemental mapping of 5% Ag-TiO2 calcined at 700 °C, mapping area (a),
oxygen profile (b), titanium profile (c) and silver profile (d)
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Figure A.8. Analysis area for EDX spectrum of 5% Ag-TiO2 calcined at 800 °C

Figure A.9. EDX spectrum of 5% Ag-TiO2 calcined at 800 °C

A-5

Table A2. Atomic weight percentages calculated from EDX of 5% Ag-TiO2 calcined at 800
°C

Element

Weight%

Atomic%

Compd%

Formula

Al K

0.52

0.60

0.99

Al2O3

Ti K

46.21

30.01

77.08

TiO2

Ag L

13.52

3.90

14.52

Ag2O

Au M

6.61

1.04

7.41

Au2O3

O

33.14

64.44

Totals

100.00

(a)

(c)

(b)

(d)
Figure A.10. Elemental mapping of 5% Ag-TiO2 calcined at 800 °C, mapping area (a),
oxygen profile (b), titanium profile (c) and silver profile (d)
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